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Chapter 1
Introduction
Atmospheric aerosols affect the Earth radiation balance by scattering and ab-
sorbing solar radiation (direct effect), and by modifying the micro-physical
properties of clouds (indirect effect). Many authors have analyzed the influ-
ence of aerosol on the radiative balance [among them Charlson and Heintze-
berg, 1995; Haywood and Shine, 1995; Russell and Heintzenberg, 2000; Hay-
wood and Boucher, 2000 ]. The interaction between aerosols and incoming
solar radiation may explain the differences between satellite observed and
model-simulated clear-sky albedo [Haywood et al. 1999 ]. The radiative forc-
ing induced by direct and indirect aerosol effects is one of the largest uncer-
tainties still open in climate studies [IPCC, 2001 ]. Moreover, aerosol loading
has high spatial and temporal variability. To better understand and reduce
the uncertainties due to aerosols we need to study aerosol optical properties,
aerosol loading, aerosol vertical distribution and their variability over the
globe. Such uncountable has to come from different instruments, hopefully
covering a time range as large as possible. The retrieval of global distri-
bution of aerosol optical properties, its variation and seasonal trends, can
be achieved only by using satellite measurements. However, satellite aerosol
retrieval requires a very careful separation of weak aerosol signals from dis-
turbing effects associated with radiometric and calibration errors of sensor,
inaccurate assumptions on the retrieval algorithm, atmospheric gas absorp-
tion, surface reflectance effect and cloud contamination.
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Many “passive” satellite instruments (that are instruments that collects the
radiation backscattered or emitted from the atmosphere and ground) has
been used to retrieve the aerosol optical properties i.e. the Advanced Very
High Resolution Radiometer (AVHRR) [Mishenko et al., 1999 ], Total Ozone
Mapping Spectrometer (TOMS) [Torres et al., 1998, 2002], MODerate reso-
lution Imaging Spectroradiometer (MODIS) [Martonchik et al., 1997, 2002;
Kaufman et al., 1997], Multi-angle Imaging SpectroRadiometer (MISR) [Diner
et al. 2002 ] and Global Ozone Monitoring Experiment (GOME) [Burrows et
al.,1997; Torricella et al., 1999 ] for global aerosol mapping and the Strato-
spheric Aerosol and Gas Experiment (SAGE I, II and III) [Ackerman et al.,
1989; Thomason et al., 2003; Bingen et al., 2004 (1) and (2)] for strato-
spheric aerosol profile detection. Also a new generation of “active” sys-
tems based on Lidar technology (the retrieval is caring out analyzing the
backscattering radiation induced by a laser impulse shoot in the atmosphere)
will provide a global set of aerosol data including the atmospheric profile
(see for example CALIPSO [http://www-calipso.larc.nasa.gov ] and Earth-
care [http://www.esa.int ] experiments).
Ground-based measurements are strongly request to improve and validate
the satellite aerosol retrieval. Recently many comprehensive regional exper-
iments in clean and polluted environments has been done [Kaufman et al.
1998, Gobbi et al., 2000, 2003; Di Sarra, 2001; Ramanathan et al. 2001 (2)]
and AERONET network has been created. The AErosol RObotoc NETwork
(AERONET, http://aeronet.gsfc.nasa.gov; Holben et al., 2001 ) is a federa-
tion of ground based sun-photometers; the network goal is to provide globally
distributed observations of aerosol optical properties in geographically differ-
ent aerosol regimes.
The retrieval methods for “passive” systems, developed to obtain an aerosol
characterization, are based on relationships existing between the upwelling
visible and near-infrared radiances and the Aerosol Optical Thickness (AOT)
over low albedo surface (typically oceans) for different aerosol type and as-
12
sumed vertical distribution. Earlier monospectral methods based on sin-
gle wavelength measurements were soon superseded by multi-channel algo-
rithms. The rationale for the multi-channel approach is that each channel
contains some unique information about the scattering process in the atmo-
sphere. Multi-spectral algorithms use inter-relationships between radiance
measured in different spectral channels. Connections between radiances at
different wavelengths are established when the radiative properties of aerosol
and molecules and the reflectance properties of the underlying surface are
prescribed. In any practical application using measured radiances, this in-
formation may not be available and thus the application result of the method
will yield radiatively equivalent quantities. Typically over land surfaces the
aerosol retrieval is performed with less accuracy. In case of particular land
surface (for example sand or snow), the surface reflectance in the visible
spectral range gives the aerosols retrieval very critical because the surface
spectral signature overlaps the aerosol spectral signature. Some exercises
have been proposed by different authors [King et al., 1999, Martonchiket
al. 1997, Kaufman et al. 1997, Von Hoyningen Huene et al. 2003 ]. Up
to now aerosol operational retrieval has been made with good accuracy over
sea water that is black beyond the red wavelengths while it has a small but
not negligible reflectance in the visible where the reflectance increases in the
presence of sea roughness and white-caps.
1.1 Aerosol Influence in Earth Radiation Bud-
get
During the last century, the Earth surface temperature increases of 0.6 de-
grees, reaching the highest level in the millennium [IPCC 2001 ]. This rapid
temperature change is attribute to a shift of less than 1% [Ramanathan,
2001 (1)] in the energy balance between absorption and reflection of incom-
ing solar radiation and emission of thermal radiation from the Earth system.
Figure (1.1) shows a schematic representation of the radiation balance of the
13
Earth-atmosphere system.
Among the different agents of climate change, anthropogenic greenhouse
Figure 1.1: Schematic representation of the Earth energy balance.
gases and aerosols have the larger roles [IPCC 2001 ]. Whereas greenhouse
gases reduce the emission of thermal radiation to space, thereby warming
the surface, aerosol mainly reflect and absorb solar radiation (direct effect)
and modify cloud properties (indirect effect), cooling the surface [King et al
1999, Kaufman et al. 2002 ]. Greenhouse gases, such as carbon dioxide and
methane, have a lifetime which is up to 100 years in the atmosphere and
a rather homogeneous distribution around the globe; this is in contrast to
the heterogeneous spatial and temporal distribution of tropospheric aerosols
[IPCC 2001, Ramanathan 2001, Andrae 1986 ]. In fact the aerosols lifetime
in the atmosphere is at most of a few days, heterogeneous patterns of ra-
diative forcing are generated, with large variations in optical thickness and
radiative forcing of the order of tens of Watts per square meter on a regional
14
scale [Christopher et al., 1996 ]. These variations give rise to the 12 Wm−2
forcing on a global scale.
The effect of greenhouse gases on the energy budget occurs everywhere
around the globe. Aerosols have both regional and global impacts on the
energy budget, requiring frequent global measurements tried to elaborate
models that provide realistic representations of the atmospheric aerosols [An-
drae 1986, Charlson 1992, Kiehl 1993 ]. In the future, the greenhouse gas
warming is expected to dominate due to the much longer presence of gases
in the atmosphere (10− 100 years) than that of aerosol particles (7 days).
As Figure (1.2) shows, until now, aerosols represent one of the greatest areas
of uncertainty regarding climate change, both on global and regional scales.
Scientists don’t fully understand the magnitude of their influence on climate
and which, of the emission products, exerts the greater net effect on regional
and global climate: the mainly cooling influence of aerosols and clouds, or
the warming influence of the greenhouse gases. Because both types of emis-
sion products change rapidly through time and space, they are difficult to
observe and characterize.
Aerosol effects on climate differ from those of greenhouse gases in two ad-
ditional ways. Because most aerosols are highly reflective, they raise our
planet albedo, thereby cooling the surface and effectively offsetting green-
house gas warming anywhere from 25 to 50%. However, aerosols containing
black graphitic and tarry carbon particles (present in smoke and urban haze)
are dark and therefore strongly absorb incoming sunlight. The effects of this
type of aerosols are twofold, both warming the atmosphere and cooling the
surface before a redistribution of the energy occurs in the column.
1.2 The Aerosol Profile Retrieval Problem
The problem of the aerosol influence magnitude on climate is further com-
plicated by the aerosol altitude distribution.
With the exception of large volcanic eruption, capable to inject aerosol into
15
Figure 1.2: Estimated magnitudes and uncertainties of different contributions to
radiative forcing of climate [source: IPCC 2001 ]. The level of scientific under-
standing is only qualitative: H=high, L=Low, VL=Very Low..
the stratosphere [see Hansen at al., 1992 ], the aerosol effects take place
mainly within and above the planetary boundary layer (PBL). The PBL is
the region where the most of the atmospheric aerosol is located [e.g. Jaenicke,
1992 ]. At the same time, it is well established that large amounts of mineral
dust from arid regions of the Earth [e.g. Prospero et al., 2000; Gobbi et al.,
2000; Sassen, 2002 ] and transported over thousands of kilometers [e.g. Duce
et al., 1980; Prospero et al., 1983; Moulin et al., 1998 ]. Different authors
has been shown that its presence in the atmosphere can either lead to a cool-
ing or warming effect, depending on properties on single scattering albedo,
altitude of the layer and surface albedo. In fact, when reaching the middle
and upper troposphere, the desert dust leads to a warming on the planet, i.e.
it has an opposite effect with respect to non-absorbing aerosol (see Figure
(1.3)) [e.g. Hansen et al., 1997; Liao and Seinfeld, 1998 ]. Such a variable
16
Figure 1.3: Cloudy sky TOA and surface diurnally averaged shortwave dust
forcind as a function of surface albedo rs for different assumed dust layer alti-
tudes. [Liao and Seinfeld, 1998 ]
height-dependent distribution explains why a large part of the indetermina-
tion in forecasting the aerosol radiative impacts derives from differences in the
aerosol vertical profile employed in models [e.g. Perner et al., 2001 ]. Desert
dust particle, for example, represent a large fraction (of order 30 − 50%) of
the naturally occurring tropospheric aerosol, seconds only to maritime ones
[e.g. Charlson and Heintzenberg, 1995 ]. Knowledge of the altitude proper-
ties of desert dust aerosol is rather poor and this lack of knowledge represent
a major uncertainty in determining the effects that these particle have on
climate.
Determining the altitude distribution of aerosol is also very important in all
studies concerning the heterogeneous processing of gases in the atmosphere.
The knowledge of vertically resolved aerosol properties is of interest in the
field of passive satellite radiometry for trace gas detection. In this case the
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vertical distribution of the aerosol particles is known to strongly influence
the accuracy of retrieved trace gases [e.g. Spurr, 2000 ].
Until now the our knowledge about height-resolved aerosol properties over
long-term periods is still rather poor. Data is mostly limited to localized
observations [e.g. Hofman, 1993; Balis et al., 2000, Sakai at al., 2000;
Schneider and Eixmann, 2002; De Tomasi and Perrone, 2003 ]. More of
the observations refer to limited portion of the troposphere [e.g. Kent et al.,
1991; Matthias and Bosenberg, 2002; Del Guasta, 2002 ] or to case studies
[e.g. Grasso et al., 2000; Murayama et al., 2001; Muller et al., 2003 ]. More-
over the “active” satellite systems, based on Lidar technology, as CALIPSO
and Eartcare are not nowadays operational.
1.2.1 State of the Art for Aerosol Profile Retrieval
The retrieval of aerosol profile is a difficult problem to solve for two main
reasons: the lack of the narrow absorbing signature spectrum (as for molec-
ular species) and the technical difficulties that results from the nonlinear
relationship between the observable parameter (i.e. the TOA intensity) and
the unknown quantity (i.e. the aerosol vertical profile).
The aerosol profile retrieval has been faced both using the so-called atmo-
spheric windows and oxygen A-band wavelengths.
The atmospheric windows wavelengths are generally used for the aerosol re-
trieval to avoid the molecular influence; in this case a wide spectral range
is needed to take advantage of the different optical properties at different
wavelengths.
Oxygen A-band absorption ranges from zero to saturation, as function of
wavelength and spectral resolution of measurements. As consequence, at the
middle of the band, where the absorption is high, the reflected signal that
reaches the satellite originates only from the upper part of the atmosphere,
whereas at other wavelengths the role of reflection from lower layers in the
signal becomes increasingly more pronounced with the decrease of absorption
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coefficient. The top and bottom plate of Figure (1.4) show respectively the
altitude from which the most of backscattering radiance is coming at satel-
lite, considering GOME spectral resolution (about 0.2 nm), and the oxygen
A-band reflectance spectrum at the same spectral resolution. The maximum
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Figure 1.4: Top: altitude from which the majority of the backscattered radiance
is coming considering the GOME spectral resolution [Koppers et al., 1998]. White
= maximum backscattering, black = null backscattering. Bottom: oxygen A-band
simulated TOA reflectance at GOME spectral resolution
of backscattering altitude coincides with the maximum of oxygen absorption.
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Otherwise in proximity of the band tails the maximum of backscattering radi-
ance is coming from the ground. Considering that the oxygen concentration
profile is known, information about the aerosol profile distribution can be
obtained with adequate modeling of such property.
A brief summary of works that faced the aerosol extinction profile retrieval
problem either in the atmospheric windows or in the oxygen A-band follows.
Gabella, Guzzi, Kisselev and Perona [1997]
Authors studied the possibility to retrieve the aerosol extinction coefficient
profile variation by considering atmospheric window wavelengths and nadir/quasi-
nadir viewing satellite simulated measurements. The study has been done
inverting the resulting linear relationship between the observable parameter
(TOA radiance) and the unknown (aerosol extinction coefficient profile), by
considering single scattering approach (i.e. for low Aerosol Optical Thick-
ness (AOT)) and totally absorbing low boundary (null surface albedo). The
analysis indicates that the retrieval gives satisfactory results in the lower at-
mosphere, while the variations in the stratosphere are retrieved with a lesser
degree of accuracy and results strongly dependent on the a-priori aerosol ex-
tinction coefficient profile shape.
O’Brien [1997]
Using again the single scattering theory, O’Brien studied the possibility to
use the space-based oxygen A-band measurements for the aerosol retrieval.
He was able to demonstrate how measurements associated with varying de-
grees of oxygen absorption could distinguish the effects of aerosol and surface
scatter. As the amount of oxygen absorption increases, the relative contribu-
tion of the aerosol scatter increases allowing for the detection of the effects
of aerosol. Additionally, the relative effects of aerosol scattering, compared
to the surface, increases with increasing oxygen optical depth.
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Koppers, Murtagh and Jansson [1998]
The retrieval of both aerosol optical thickness and surface albedo is caring
out for GOME instrument, considering the oxygen A-band spectral range
and single scattering model. The inversion has been done using the Optimal
estimation inversion theory.
Gabella, Kisselev and Perona [1999]
In this second work of Gabella et al., the retrieval of aerosol extinction coef-
ficient profile variation is made using oxygen A-band wavelengths with and
without atmospheric window wavelengths, for nadir and quasi-nadir viewing
satellite configuration, considering single scattering approach and totally ab-
sorbing bottom boundary. Results shows an improvement accuracy in the
retrieval when the oxygen A-band wavelengths are used respect to the re-
trieval made only using the atmospheric window wavelengths. The use of
both oxygen and atmospheric windows wavelengths gives better results only
for aerosol profile retrieval in stratosphere.
Heidinger and Stephens [1999]
The paper shows the possibility to use the reflectance spectra measured by a
satellite platform in the oxygen A-band to retrieve clouds optical and physical
properties as optical depth and phase function, vertical profile information in-
clude cloud top pressure, pressure thickness and surface albedo. This study is
very interesting because it shows the feasibility of a limited amount of vertical
profiling retrieval considering cloud layers. The multiple-scattering approach
has been considered and the inversion technique, used for the retrieval and
error assessment, is based on Optimal Estimation.
1.3 Aim of the thesis
As shown before there is a clear need to monitor and investigate the global
distribution of atmospheric aerosol profile from passive remote sensing in-
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struments, in particular taking into account the multiple scattering processes
occurring in the atmosphere.
The aim of this work is to develop a multiple scattering inversion proce-
dure for the aerosol extinction coefficient profile retrieval and error assess-
ment for nadir and multi-angle passive remote sensing instruments. The
procedure will be applied for the tropospheric aerosol extinction coefficient
profile retrieval from SCIAMACHY nadir simulated measurements using at-
mospheric windows and oxygen A-band wavelengths. Also the contemporary
use of atmospheric windows and oxygen A-band wavelengths will be dis-
cussed. SCIAMACHY simulated measurement has been used because, due
to calibration real data procedure problems, until now SCIAMACHY data
are not available.
The multiple scattering inversion procedure is composed by a forward
model and an inversion method. The forward model developed (see Chapter
(5)) is based on LIDORT code (see Chapter (3)) and must be able not only
to reproduce the TOA intensity, as seen by the remote sensing instruments,
but also to compute the weighting function for the retrieval parameter (in
this case the aerosol extinction coefficient) and the weighting functions of all
the other atmospheric parameters for which a complete error assessment is
needed.
The inversion procedure for the retrieval, the sensitivity study and com-
plete error assessment is based on Optimal Estimation (see Chapter (4)).
The multiple scattering inversion procedure has been applied to SCIA-
MACHY (see Chapter (2)) for two main reasons: the first one is its wide
spectral range that permits the use of both atmospheric windows and oxy-
gen A-band wavelengths; the second one is the possibility, very useful for the
atmospheric species profile retrieval, to match the limb and nadir measure-
ments. In particular, during the Oxford summer school in April 2003, in a
final report work [Corradini, De Smedt, Soebiyanta and Frankenberg, 2003],
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the SCIARAYS RTM [Kaiser 2000, 2002; Kaiser et al., 2003 ] has been
used to demonstrate the possibility to retrieve the aerosol extinction coef-
ficient profile in stratosphere using SCIAMACHY limb measurements. The
SCIAMACHY limb measurements permits the retrieval from, approximately,
40−50 to 8−10 km (step about 3 km); if the nadir measurements study will
reveal the possibility to retrieve the tropospheric profile, the aerosol profile
retrieval of the intere atmosphere will become a real possibility.
1.4 Organization of dissertation
The thesis is structured in 8 Chapters included the Introduction:
Chapter 2 : in this Chapter will be briefly described the main SCIAMACHY
characteristics and will be identified the most transparent region of the spec-
trum measured by the instrument, in which the gaseous influences are neg-
ligible. The atmospheric windows wavelengths selected will be used for the
retrieval test in Chapter (7).
Chapter 3 : the LIDORT radiative transfer code, used as kernel of the
forward model developed in Chapter (5), for the solution of the radiative
transfer equation, will be described. Its main characteristics will be shown
for the intensity and weighting function computation.
Chapter 4 : here the Optimal Estimation inversion technique used for the
retrieval, the sensitivity and the error assessment study is presented. The
iterative inversion method and the information content and error assessment
procedures, will be implemented together with the forward model developed
in Chapter (5), to constitute the instrument used in this work to study the
effectiveness of the aerosol extinction coefficient profile retrieval from satellite
measurements.
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Chapter 5 : this Chapter regards the forward model development, its vali-
dation and the iterative inversion procedure implementation. All the input
atmospheric process due to molecules and aerosol and the main implemented
subroutines for the Top Of Atmosphere intensity and weighting functions
computation, will be described in details. In particular the validation has
been focused on the SCIAMACHY atmospheric windows wavelengths and
oxygen A-band spectral range, used for the aerosol extinction coefficient re-
trieval.
Chapter 6 : here will be set all the parameters needed for the aerosol ex-
tinction coefficient tropospheric profiles retrieval test and error assessment
considering SCIAMACHY nadir simulated measurements.
Chapter 7 : a complete a-priori analysis has been execute for the aerosol
extinction coefficient profile retrieval and error assessment for SCIAMACHY
nadir configuration, considering atmospheric windows and oxygen A-band
wavelengths. For each test, two aerosol profile configuration, representative
of maritime and desertic aerosol situations, has been considered.
Chapter 8 : the conclusion of the work will be presented.
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Chapter 2
SCIAMACHY
In the following the main characteristics of SCIAMACHY instrument will be
described.
Using MODTRAN and SCIATRAN Radiative Transfer Model (RTM) will be
identified the most transparent region of the SCIAMACHY spectrum mea-
sured (i.e. the spectral regions where the gaseous influences are negligible)
to selected the relative atmospheric window wavelengths.
2.1 SCanning Imaging Absorption spectroM-
eter for Atmospheric CartograpHY - SCIA-
MACHY
SCIAMACHY [Bovesmann et al., 1999] is one of the instruments among the
ESA satellite ENVISAT [URL http://envisat.esa.int ], launched on March
2002. ENVISAT fly on a sun-synchronous polar orbit with 10 a.m. descend-
ing node and carry a large range of instruments for probing Earth. SCIA-
MACHY is an imaging spectrometer whose primary mission objective is to
perform global measurements of trace gases (O2, NO2, OClO, BrO, SO2,
HCHO, H2O, CH4, H2O, CH4, CO2, CO and N2O) in the troposphere and
stratosphere. The solar radiation transmitted, backscattered and reflected
from the atmosphere is recorded at relatively high resolution (0.2 µm to 0.5
µm) from the ultraviolet, through the visible to the near infrared, over the
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range 240 nm to 1700 nm, and in selected regions between 2.0 µm and 2.4
µm (see Table (2.1)). In Table (2.1) are also shown the instrument slit func-
tion types.The large wavelength range is also ideally suited for the detection
of clouds and aerosols. SCIAMACHY is an evolute version of GOME, which
has been flying on ERS2 since 21 April 1995. Its channels cover the same
wavelength range in the UV/Vis (240 nm to 790 nm) as the first four SCIA-
MACHY channels. In Figure (2.1) has been shown the comparison between
the GOME and SCIAMACHY spectral range and the new molecules that
can be detected by SCIAMACHY thanks to the new IR channels. The
Figure 2.1: GOME and SCIAMACHY spectral range and atmospheric species
detected.
UV-VIS-NIR spectral range has the advantage that hight signal/noise ratios
can be achieved due to the relatively high energy of the photons and the
large intensity of the solar radiation; the disadvantage is that the night-side
cannot be observed. SCIAMACHY has three different viewing geometries:
nadir, limb, and sun/moon occultations which yield total column values as
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SCIAMACHY Spectral range Resolution Slit
channel (nm) (nm) Function
1 240− 314 0.24 Single Hyperbolic
2 309− 405 0.26 Single Hyperbolic
3 394− 620 0.44 Single Hyperbolic
4 604− 805 0.48 Single Hyperbolic
5 785− 1050 0.54 Single Hyperbolic
6 1000− 1750 1.48 Gaussian
7 1940− 2040 0.22 Voigt
8 2265− 2380 0.26 Voigt
Table 2.1: SCIAMACHY spectral range, resolution, slit function type and relative
FWHM.
well as distribution profiles in the stratosphere and the troposphere for trace
gases and aerosols.
• nadir measurement mode
The instrument is facing straightly downward to measure the radiance
from underneath the satellite (see Figure (2.2)). Thus solar radiation,
Figure 2.2: Nadir view of SCIAMACHY. [graphics by S. Noe¨l]
which has been scattered in the atmosphere and/or reflected on the
surface, is recorded. These measurements are performed on the whole
day-side of Earth. In nadir mode, the nadir mirror scans across the
satellite track and returns to its original position for the next scan.
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Each scan covers an area on the ground of approximately 30 km along
track and 960 km across track. A better resolution of 60 km across
track will be achieved for the important constituents O3, NO2, H2O,
and aerosols in mid and high latitudes. The seven broad-band polar-
ization measurement devices (PMDs) will even perform with 15 km
resolution across track for cloud characterization.
The global coverage can be achieved in three days as Envisat is flying
in a sun-synchronous polar orbit and Earth is rotating underneath.
• occultations measurement mode
The instrument is tracking the sun (or the moon) during its rise or
set behind Earth (see Figure (2.3)). Thus mainly directly transmitted
solar (or lunar) radiation is recorded for different tangent altitudes.
Occultations measurements yield highly accurate information on the
vertical structure of the atmosphere, but they have a bad horizontal
resolution owing to the averaging over long paths. They are not suitable
to obtain measurements with global coverage since only one sunrise can
be measured per satellite orbit.
Figure 2.3: Occultations view of SCIAMACHY. [graphics by S. Noe¨l]
• limb measurement mode
The limb measurement mode of SCIAMACHY is a combination of the
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nadir and occultations geometries (see Figure (2.4)). The instrument
Figure 2.4: Limb view of SCIAMACHY. [graphics by S. Noe¨l]
is scanning the Earth’s limb like in occultations mode, while the sun
is illuminating the atmosphere from above like in nadir mode. Thus
atmospheric radiance spectra can be obtained for different tangent alti-
tudes at any location on Earth’s day-side. Starting with approximately
zero tangent height, a horizontal scan of 960 km at the tangent point
is performed. Then the tangent height is stepped up by 3 km and an-
other horizontal scan back is done. This procedure is repeated, until
typically 34 horizontal scans with tangent heights between 0 and 100
km are obtained. The horizontal resolution across track is limited by
the IFOV and the number of readouts during the horizontal scan. With
typically four readouts, a value of roughly 240 km will be achieved. It
can by no means be improved to 110 km or less. The horizontal res-
olution along track is determined by the nearly horizontal paths with
lengths of the order of several, say four, hundred kilometers.
• limb-nadir matching
A specialty of SCIAMACHY is depicted in Figure (2.5): The timeline
of operations is designed in a way that each limb measurement is fol-
lowed after 7 minutes by a nadir measurement of the same atmospheric
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volume. Since the stratospheric profile of a trace gas is determined from
the limb measurement, the stratospheric column is known. Subtract-
ing this from the total column, which is measured in nadir, yields the
tropospheric column. Therefore SCIAMACHY is capable of measure-
ments of the troposphere. Future advanced retrieval algorithms will
exploit SCIAMACHY’s limb-nadir matching even more efficiently by
retrieving from the matching limb and nadir measurements simultane-
ously, i.e., in a tomographic fashion. This approach is expected to yield
improved tropospheric parameters as well as vertically and horizontally
resolved parameter fields.
Figure 2.5: Limb-Nadir measurements matching view of SCIAMACHY. [graphics
by S. Noe¨l]
2.2 Atmospheric windows wavelengths selec-
tion for SCIAMACHY spectral range
The aim of this Paragraph is to identify the most transparent region of the
spectrum measured by SCIAMACHY, in which it is possible retrieve the
aerosol without gaseous corrections.
In order to select the proper wavelengths has been analyzed the solar spec-
trum in the SCIAMACHY spectral range. The choice has been done analyz-
ing both the atmospheric TOA transmittance computed using MODTRAN
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3 (v1.5) Radiative Transfer Model (RTM) [Anderson et al., 1995 ] and the
percentage difference between the SCIAMACHY simulated spectrum com-
puted with and without gas absorption, using SCIATRAN RTM [Rozanov et
al., 1997, see Paragraph (5.2.1)]. The transmittance computation were car-
SCIAMACHY channel Lower λ (nm) Upper λ (nm)
2− 3 350 434
4 751 758
4 775 786
5 855 878
5− 6 1020 1067
6 1242 1250
6 1553 1569
6 1588 1596
6 1620 1627
Table 2.2: The most transparent windows in the atmosphere and the relative
SCIAMACHY channels. The selection has been carried out using MODTRAN 3
at maximum resolution, with a transmittance threshold of 0.996.
ried out with MODTRAN considering its maximum spectral resolution and
in absence of aerosol and molecular scattering. A transmittance threshold
t ≥ 0.996 and a window width ≥ 3 nm was selected to reduce the impact of
the weak bands of the gases and the effect of the band tails. The selection
was referred to the 8 SCIAMACHY channels. In Table (2.2) are shows the
most transparent atmospheric windows find and the relative SCIAMACHY
channels.
The SCIATRAN simulation has been done to select the wavelengths, into
the atmospheric windows, for which the percentage difference between the
spectra computed with and without gas absorption is less than 1%. Taking
into account the SCIAMACHY high spectral resolution and to minimize the
error due to the instrument spectral calibration, the reflectance associated by
a considered atmospheric windows wavelength (λ), is computed as the mean
reflectance of the wavelengths comprised between (λ − δ/2) and (λ + δ/2).
So, the wavelengths selected are those for which around ±δ/2 the percentage
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reflectance difference is less than 1%. The choice of parameter δ has been
done in order to consider about 9 wavelengths for each λ selected. Taking
into account that the SCIAMACHY spectral resolution is variable, also δ
will depend on the channel considered. In Figures (2.6), (2.7), (2.8), (2.9)
and (2.10) are shown the SCIAMACHY TOA reflectance spectra with and
without gas absorption, the percentage difference between the two spectra
with the selected wavelengths and the parameter δ.
In Table (2.3) are summarized the wavelengths choice for the aerosol
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Figure 2.6: Left plate: simulated SCIAMACHY TOA reflectance spectra with
and without gas absorption for SCIAMACHY channels 2. Right plate: percentage
TOA reflectance difference between spectra with and without gas absorption in
atmospheric window in channels 2 and wavelengths selection.
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Figure 2.7: Left plate: simulated SCIAMACHY TOA reflectance spectra with
and without gas absorption for SCIAMACHY channels 3. Right plate: percentage
TOA reflectance difference between spectra with and without gas absorption in
atmospheric window in channel 3 and wavelengths selection.
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Figure 2.8: Top plate: simulated SCIAMACHY TOA reflectance spectra with and
without gas absorption for SCIAMACHY channels 4. Bottom plates: percentage
TOA reflectance difference between spectra with and without gas absorption in
atmospheric window in channel 4 and wavelengths selection.
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Figure 2.9: Left plate: simulated SCIAMACHY TOA reflectance spectra with
and without gas absorption for SCIAMACHY channels 5. Right plate: percentage
TOA reflectance difference between spectra with and without gas absorption in
atmospheric window in channel 5 and wavelengths selection.
retrieval into the atmospheric windows and the relative SCIAMACHY chan-
nels.
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Figure 2.10: Top left plate: simulated SCIAMACHY TOA reflectance spectra
with and without gas absorption in atmospheric window in channel 6. Top right
plate and bottom plates: percentage TOA reflectance difference between spectra
with and without gas absorption in atmospheric window in channel 6 and wave-
lengths selection.
SCIAMACHY channel Wavelengths selected
2 364, 373, 385
3 418
4 754.4, 783
5 860, 875
6 1040, 1246, 1557, 1592, 1623
Table 2.3: Atmospheric windows SCIAMACHY wavelengths selected for the
aerosol retrieval.
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Chapter 3
LInearized Discrete Ordinate
Radiative Transfer (LIDORT)
In this Chapter the LIDORT radiative transfer code, used as kernel for the
forward model development (see Chapter (5)), will be described. Starting
from the radiative transfer equation, its main characteristics, for the intensity
and weighting functions computation, will be shown. Finally a summary of
the intensity and weighting functions user input variables will be given.
3.1 Introduction
LIDORT [Spurr, 2001 ] is a radiative transfer (RT) tool based on the discrete
ordinate approach [Chandrasekhar, 1940 ] for the solution of the radiative
transfer equation. Like DISORT (DIScrete Ordinate Radiative Transfer)
[Stamnes et al., 1988; Thomas and Stamnes, 1999 ], the discrete ordinate
approach involves the use of a numerical quadrature scheme to approximate
the integral over polar directions in dealing with multiple scattering source
term. The quadrature used is a double-Gauss scheme defined separately for
up-welling and down-welling radiance. The principal corrections, used for
the solution of radiative transfer equation, are the delta-M scaling procedure
[Wiscombe, 1977 ] (see Par. (3.4.1)) and the Nakajima-Tanaka single scatter
correction [Nakajima and Tanaka, 1988 ] (see Par. (3.4.2)).
The main characteristic of LIDORT is the ability to generate analytical
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weighting functions (linearization, denote the process of differentiation) and
intensity fields at the same time with only just one called. The traditionally
weighting function determination is based on finite difference estimation [see
GOMETRAN RTM, Rozanov et al., 1997, 1998, 2000; SCIATRAN RTM,
Buchwitz et al., 1998 ]; this procedure need repeated RTM calls that produce
a very expensive computer resource. Another problem is the accuracy, linked
by the arbitrary choice of the perturbation (see Paragraph (5.2.2.2)).
Both weighting functions and intensity fields can be generated anywhere in
the atmosphere, for upwelling and down-welling directions, for arbitrary op-
tical depths and streams angles.
The inhomogeneous atmosphere is composed of a number of homogeneous
horizontal layers. The radiation field depend on a single vertical coordinate
(the vertical optical depth τ or the altitude) and the two directional vari-
ables µ (cosine of the polar angle) and φ (azimuth angle with respect to
a given direction). The simplest stratification assumes a plane-parallel RT
medium that neglect any sphericity due to the Earth curvature. To allow
for curvature effect, the simplest approach assumes that the attenuation of
the direct solar beam is computed in a spherical-shell atmosphere, but that
line-of-sight attenuation and all scattering events continue to be treated for
a plane-parallel medium. This is the so-called pseudo-spherical approxima-
tion. The advantage of this approximation is that the power and speed of
the plane-parallel scattering formalism can be retain without the need to call
a greatly more complex and time-consuming full-spherical radiative transfer
model. It has been shown [Dahlback, 1991; Caudill, 1997 ] that the pseudo-
spherical treatment is adequate for solar zenith angles up to 90◦ provided
the line-of-sight is reasonably close (' 20 - 25◦ or less) to the nadir. LI-
DORT also consider the sphericity correction for line-of-sight viewing some
distance from the nadir; attenuation in these directions is also treated for a
curved stratified atmosphere, and the radiation field is integrated along the
line-of-sight direction instead of the nadir direction assumed for the ordinary
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pseudo-spherical calculation.
Scattering is treated as non-conservative (the process results in partial ab-
sorption of the light energy) and coherent (after scattering the wave frequency
don’t change) . The Rotational Raman scattering is modeled to first order
and no polarization is considered.
LIDORT has the capability to deliver weighting functions with respect to
layer atmospheric variables, surface albedo and emission. The aerosol weight-
ing functions are computed not only with respect to the amount or degree of
aerosol scattering and attenuation, but also with respect to quantities such as
the asymmetry parameter which affect the angular distribution of scattering.
Like DISORT, LIDORT is a subroutine called from a user defined environ-
ment. For any given application, the user must construct an atmospheric
preparation module to set up the necessary inputs required by the model,
the most important being the vertical optical depths, layer single scattering
albedo and phase functions, along with their sensitivities, to the atmospheric
parameters for which weighting functions must be computed.
In the following has been presented an outline of the radiative transfer equa-
tion solution for the intensity (Par. (3.2)) and weighting function computa-
tion (Par. (3.3)), the principal approximation considered (Par. (3.4)) and
an overview of the user inputs needed for forward model development (Para-
graph (3.2.1)).
In Chapter 4 will be described in detail the user inputs for the development
of the forward model used in the thesis.
3.2 Outline of Radiative Transfer Equation
(RTE) solution in UV-VIS-NIR spectral
range
In this section will be briefly shown the discrete-ordinate method for the so-
lution of the RTE in UV-VIS-NIR spectral range as used in LIDORT code.
For more details see Spurr [2001] and Thomas-Stamnes [1999].
37
Following the Lamber-Beer law, the Radiative Transfer Equation (RTE) for
layer p can be written as:
µ
dI(τ, µ, φ)
dτ
= I(τ, µ, φ)− Jp(τ, µ, φ) (3.1)
where:
τ is the optical depth;
µ = cos(θ), where θ is zenith angle of the reflected radiation;
φ is the azimuth angle of the reflected radiation;
I(τ, µ, φ) is the diffuse radiance in direction (µ, φ) at optical depth τ ;
Jp(τ, µ, φ) is the source function of layer p.
Ignore thermal emission from the surface, the source function becomes:
Jp(τ, µ, φ) =
ωp
4pi
∫ 1
−1
dµ′
∫ 2pi
0
dφ′pp(µ, φ; µ
′, φ′)I(τ, µ′, φ′) + (3.2)
+
ωp
4pi
pp(µ, φ;−µ0, φ0)Fpe−λpτ
where:
ωp is the total single scattering albedo;
pp(µ, φ; µ
′, φ′) = pp(µs) is the phase function for scattering, µ
′(= cos(θ′)), φ′
are the directions of the photons before the scattering and µs is the scattering
angle (µs = µ
′µ +
√
1− µ′2√1− µ2cos(φ′ − φ));
(−µ0, φ0) is the solar beam direction entering in the atmosphere, µ0 =
cos(θ0), θ0 is the Solar Zenith Angle (SZA), and φ0 is the Solar Azimuth
Angle (SAA);
Fp ≡ F0 (the solar irradiance at Top Of Atmosphere (TOA)) and λp = 1µ0
for the plane-parallel case. In the pseudo-spherical treatment, Fp and λp are
adjusted to account for the reduced path of the direct beam.
Expanding the diffuse radiance in Fourier cosine series and the phase function
in Legendre polynomials:
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I(τ, µ, φ) =
2N−1∑
m=0
Im(τ, µ) cosm(φ0 − φ) (3.3)
pp(µs) =
2N−1∑
l=0
(2l + 1)χl,pPl(µs) (3.4)
where:
(2l + 1) is the l − th Legendre coefficient;
Pl(µs) is the l − th Legendre polynomials [the first four are: P0(µs) = 1,
P1(µs) = µs, P2(µs) =
1
2
(3µ2s − 1), P3(µs) = 12(5µ3s − 3µs)];
χl,p is the l − th Legendre moment of the layer p, given by:
χl,p =
1
2
∫ 1
−1
Pl(µs)pp(µs)dµs (3.5)
It is common to denote the first moment χ1 as g; its represent the de-
gree of asymmetry of the angular scattering and is therefore called the
asymmetryfactor. If g = 0 the scattering is isotropic, if g = −1 the scatter-
ing is complete back and if g = 1 is complete forward.
An important property of the phase function is the normalization, i.e. the
integral of the phase function over the solid angle (the scattering probability)
must be one:
1
4pi
∫
Ω
pp(µs)dΩ = 1 (3.6)
where Ω is the solid angle. It can be shown that the result of the integral in
(3.6) is the first Legendre moment:
1
4pi
∫
Ω
pp(µs)dΩ = χ0 (3.7)
so, to satisfy the normalization property, the first phase function Legendre
moment must always be set to one.
Considering the Addition Theorem for Spherical Harmonics the expansion
of the phase function is simplifying:
Pl(µs) = Pl(µ
′)Pl(µ) + 2
l∑
m=1
Λml (µ
′)Λml (µ) cosm(φ
′ − φ) (3.8)
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where Λml (µ) are the normalized associated Legendre polynomial defined by:
Λml (µ) ≡
√√√√(l −m)!
(l + m)!
P ml (µ) (3.9)
where P ml (µ) is the associated Legendre polynomial.
Substituting the equation (3.8) into the (3.4) we obtain:
pp(µs) =
2N−1∑
m=0
pm(µ′, µ)cos(m(φ′ − φ)) (3.10)
where:
pm(µ′, µ) = (2− δ0m)
2N−1∑
l=m
(2l + 1)χl,pΛ
m
l (µ
′)Λml (µ) (3.11)
Substituting the equation (3.10) and (3.3) into (3.1) we obtain 2N coupled
equations for each successive Fourier components m = 0, . . ., 2N − 1:
µ
dIm
dτ
= dIm − 1
2
∫ 1
−1
Dmp (µ, µ
′)Im(τ, µ)dµ
′ −Qmp (µ)Fpe−λpτ (3.12)
where:
Dmp (µ, µ) =
1
2
2N−1∑
l=m
ωpχl(τ)Λ
m
l (µ)Λ
m
l (µ
′) (3.13)
Qmp (µ) =
1
2pi
(2− δm0)Dmp (µ,−µ0) (3.14)
In the interest of clarity, in the following, we’ll omit the Fourier super-
scripts m and the layer index p.
One of the approximated techniques capable of approaching the exact solu-
tion as closely as desired is the discrete ordinate method. In the N th-order
discrete ordinate approximation, the integral in (3.12) is approximated by a
summation using Gauss-Legendre quadrature over the two half space sep-
arately. This technique transform the pair of coupled integro-differential
equations into a system of coupled differential equations. Each quadrature
has N points, with abscissae µi and weights ai for i = 1, . . ., N in the pos-
itive half-space, and corresponding values µ−i = −µi and a−i = ai in the
other half space. The double of the quadrature points number (2N) is called
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STREAMS number.
Using the Gauss-Legendre quadrature and defining M+i = I
+
i I
−
i and M
−
i =
I−i I
−
i , with I
±
i = I(τ,±µi), we can separate the (3.12) in two parts:
dM+i
dτ
= −
N∑
j=1
(ξij − ηij)M−j −
1
µi
(Q+i −Q−i )Fe−λτ (3.15)
dM−i
dτ
= −
N∑
j=1
(ξij + ηij)M
+
j −
1
µi
(Q+i + Q
−
i )Fe
−λτ (3.16)
where Q±i = Q(±µi) and:
ξij =
1
µi
(aiD
+
ij − δij) (3.17)
ηij =
1
µi
aiD
−
ij (3.18)
with D±ij = D(µi,±µj).
A single equation for M−i can be obtained from (3.15) and (3.16):
d2M−i
dτ 2
=
N∑
j=1
ΓijM
−
j + diFe
−λτ (3.19)
where:
Γij =
∑N
k=1(ξik + ηik)(ξik − ηik);
di =
1
µi
λ(Q+i + Q
−
i ) +
1
µi
∑N
j=1(ξik + ηik)(Q
+
i −Q−i ).
The general solution to (3.19) may be written:
M−i = M˜
−
i + W
−
i Fe
−λτ (3.20)
with M˜−i the general solution to the homogeneous part of (3.20). The latter
admits solutions of the form M˜−i = Y
−
j e
−kτ , and this leads to the eigenprob-
lem:
N∑
j=1
ΓijY
−
j = γY
−
i (3.21)
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where γ = k2. Denote the N eigenvectors and eigenvalues of this system
(3.21) as Y −ij , γj, j = 1, . . .N .
The inhomogeneous or particular part of the solution can be found by sub-
stitution of (3.20) into (3.19):
λ2W−i =
N∑
j=1
ΓijW
−
j + di (3.22)
and solving for W−i .
Bringing the two part together, the general solution to (3.19) is then:
M−i =
N∑
j=1
[L˜+j Y
−
ij e
−kjτ + L˜−j Y
−
ij e
+kjτ ] + W−i Fe
−λτ (3.23)
where L˜+j and L˜
−
j are the 2N constants of integration, and kj = +
√
γj. Insert
equation (3.23) into (3.15) we obtain:
M+i =
N∑
j=1
[L˜+j Y
+
ij e
−kjτ − L˜−j Y −ij e+kjτ ] + W+i Fe−λτ (3.24)
with:
Y +ij =
1
kj
N∑
k=1
(ξik − ηik)Y −kj (3.25)
W+i =
1
λ
N∑
j=1
(ξij − ηij)W−j +
1
λµi
(Q+i −Q−i ) (3.26)
Returning to I+ and I− and reintroducing the Fourier and layer indices, the
solution for a Fourier component of the radiance at the polar Gaussian angles
for any optical depth in a specific layer p becomes:
Imp (τ, µi) =
N∑
j=1
[L+j,pX
+
ij,pe
−kj,p(τ−τp−1) + L−j,pX
−
ij,pe
−kj,p(τp−τ)] + Zi,pFpe
−λpτ
(3.27)
∀i ∈ [±1, . . .±N ]; L+j,p and L−j,p are integration constants and:
X+ij,p =
1
2
(Y +ij,p + Y
−
ij,p) (3.28)
X−ij,p =
1
2
(Y +ij,p − Y −ij,p) (3.29)
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X+ij,p =
1
2
(W+i,p + W
−
i,p) (3.30)
The integration constants follow from a set of boundary conditions:
1) the downward diffuse radiation at the top of the atmosphere (TOA) is
zero in the absence of thermal emission sources;
2) at each intermediate layer boundary, the radiance is continuous in all polar
(elevation) and azimuthal directions;
3) the upwelling radiance at the bottom of the atmosphere is a known func-
tion of the incident down-welling radiance, the dependence being expressed
in terms of the reflectance property of the surface.
In the next Paragraph will be summarize the user input atmospheric prop-
erties for each layer that must be set to compute the intensity.
3.2.1 Summarizing of Intensity computation user in-
put
In this Paragraph will be summarized the user input parameters needed
for the TOA intensity computation; the computation for each term will be
described in details in the next Chapter.
The wavelength index will be omitted for clarity.
Total optical thickness (τp):
τp = p(zp − zp−1) = (Rayp + Aerp )(zp − zp−1) (3.31)
where:
p is the total extinction coefficient of layer p
Rayp = σ
Ray
p +α
Ray
p is the Rayleigh extinction coefficient, σ
Ray
p is the molecular
scattering coefficient and αRayp is the molecular absorbing coefficient ;
Aerp is the aerosol extinction coefficient.
Total single scattering albedo (ωp):
ωp = ω
Ray
p + ω
Aer
p =
σRayp
p
+
σAerp
p
(3.32)
43
where:
ωRayp is the Rayleigh single scattering albedo;
ωAerp is the aerosol single scattering albedo;
σAerp is the aerosol scattering coefficient.
Total phase function (pp):
pp = (ω
Ray
p pR,p + ω
Aer
p pA,p)/ωp (3.33)
where:
pR,p is the Rayleigh phase function;
pA,p is the aerosol phase function.
As shown in the previous Paragraph, if the solar irradiance (F0) is giving
in input, LIDORT gives in output the TOA radiance (I). In many cases of
remote sensing retrieval, the TOA reflectance, defining by equation (3.34), is
used (see for example [CADAPA, 1998 ] for the aerosol retrieval from GOME
data):
R =
piI
µ0F0
(3.34)
In this case the simulated reflectance is obtained setting the solar irradiance
equal to pi/µ0.
As will be shown in Paragraph (5.1.4), in the forward model has been imple-
mented the possibility to compute both radiance and reflectance.
3.3 weighting function computation
As described before the main characteristics of LIDORT is the ability to
generate analytical weighting functions with respect to layer atmospheric and
surface variables. The computation start with differentiation of the Fourier
44
sum equation (3.3):
∂I(0, µ, φ)
∂ξp
=
2N−1∑
m=0
∂Im(0, µ)
∂ξp
cos m(φ0 − φ) (3.35)
where ξp is the is the atmospheric variables considered.
The exposition of the analytical determination of derivatives of the TOA in-
tensity with respect to layer parameters xp is out of the aim of this work (for
details see Spurr [2001]). It can be shown that the analytic Parameter Nor-
malized Weighting Function (PNWF ) (Kξ(p)) for the different atmospheric
parameters is function of:
Kξ(p) = ξp
∂I(0, µ, φ)
∂ξp
= f(ωpuξ,p; epvξ,p; ωpχξ,p,l(uξ,p + zξ,p,l)) (3.36)
where:
uξ,p =
∑
s
usξ,p (3.37)
is the relative variation for total single scattering albedo in layer p with respect
to variable ξ in that layer. Considering that the species s are molecules and
aerosol, the (3.37) becomes:
uξ,p = u
Ray
ξ,p + u
Aer
ξ,p =
ξp
ωRayp
∂ωRayp
∂ξp
+
ξp
ωAerp
∂ωAerp
∂ξp
. (3.38)
vξ,p =
ξp
ep
∂ep
∂ξp
(3.39)
is the relative variation for total extinction in layer p with respect to variable
ξ in that layer.
zξ,p,l =
∑
s
zsξ,p,l (3.40)
is the relative variation in the l-th phase function moments (χsξ,p,l) for scat-
terer s in layer p with respect to variable ξ in that layer. Considering that
the species s are molecules and aerosol:
zξ,p,l = z
Ray
ξ,p,l + z
Aer
ξ,p,l =
ξp
χRayl,p
∂χRayl,p
∂ξp
+
ξp
χAerl,p
∂χAerl,p
∂ξp
. (3.41)
To obtain the PNWF, for every variables ξp, the above terms must be com-
puted. In Paragraph (5.1.5) will be shown the expression of uξ,p, vξ,p and
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zξ,p,l for the atmospheric variables used in this work.
The surface albedo PNWF is computing automatically from LIDORT code
with no particular parameter setting request.
3.3.1 Consideration on the Parameter Normalized Weight-
ing Functions and aerosol extinction coefficient
Computing the Parameter Normalized Weighting Function for an atmo-
spheric parameter (ξ), i.e. multiplying the weighting function for the atmo-
spheric parameter itself (see equation (3.36)), is like computing the weighting
function on the logarithm of the atmospheric quantity:
∂I(0, µ, φ)
∂ln(ξp)
=
∂I(0, µ, φ)
∂ξp
∂ξp
∂ln(ξp)
= ξp
∂I(0, µ, φ)
∂ξp
(3.42)
The PNWF are very useful when the atmospheric quantity to be retrieved
vary greatly from the top to the bottom of the atmosphere, like in the case
of the aerosol extinction coefficient profile (see Paragraph (6.1.1)).
3.4 Principal corrections for the accuracy im-
provements
3.4.1 Delta-N method
The discrete ordinate method used to solve the equation (3.12), approximate
the integral term by a finite sum that is usually of the same order (2N) as
the number of terms necessary to get a good Legendre polynomial represen-
tation of the phase function. For the strongly forward-peaked scattering, an
accurate expansion of the phase function may require several hundred terms.
This may lead to a large system of equations that requires such inordinate
amounts of computer storage space and time as to render the solution im-
practical even on modern computers.
To circumvent this numerical difficulty, scaling transformations have been
introduced. The motivation for scaling in this case is to transform a transfer
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equation with a strongly peaked phase function into a more tractable prob-
lem with a phase function that is much less anisotropic. Considering that
the forward scattering peak takes on the resemblance of a Dirac δ function
when plotted versus cosine of the scattering angle, this suggest that it would
be useful to treat photons scattered within the sharp forward peak as un-
scattered, and truncate this peak from the phase function. Assuming that
the forward-scattering peak can be represented by a Dirac δ function, while
the remainder of the phase function is expanded in Legendre polynomials we
have:
pˆp,δ−N(µs) = pˆp,δ−N(µ
′, φ′; µ, φ) (3.43)
= 2fpδ(1− µs) + (1− fp)
2N−1∑
l=0
(2l + 1)χˆl,pPl(µs) (3.44)
= 4piδ(µ′ − µ)δ(φ′ − φ) + (1− fp)
2N−1∑
l=0
(2l + 1)χˆl,p (3.45)
×
l∑
m=0
Λml (µ
‘)Λml (µ) cos m(φ
‘ − φ) (3.46)
where fp (0 ≤ fp ≤ 1) is the truncation factor in layer p (dimensionless
parameter). As described above this method treat the forward scattering as
unscattered; this means that the optical depth and other optical properties
will be reduced. It can be shown that [Levoni et al., 1999 ]:
ωˆp = ωp
(1− fp)
(1− ωpfp) (3.47)
τˆp = τp(1− ωpfp) (3.48)
χˆl,p =
χl,p − fp
1− fp (3.49)
where:
fp = χ2N,p
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If fp = 0 we retain the usual Legendre polynomial expansion, χˆl,p ≡ χl,p,
τˆp = τp and χˆl,p = χl,p.
3.4.2 Nakajima-Tanaka procedure
The accuracy of the intensity computation is generally improved by the use
of the δ − M except in the forward direction. For more strongly forward-
peaked phase function the error incurred becomes unacceptable for practical
purposes.
It can be shown that the solution of the radiative transfer equation (3.12)
may be written in terms of a contribution due to multiple scattering and a
contribution of single scattering. The computation of the single scattering
term is likely to be inaccurate with a low number of streams, since a lot
of phase function information is lost in the truncation. Considering that it
can be shown that is easy to derive the exact solution for the single scat-
tered intensity field, a single scatter correction can be replaced by the exact
computation which retains an accurate description of the phase function.
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Chapter 4
The Optimal Estimation
inversion technique
In this Chapter the Optimal Estimation inversion technique used for the
retrieval and error assessment will be described. The information content
procedure, the error assessment and the inversion procedure implemented
together with the forward model (see Chapter (5)) will constitute the pro-
cedure used to understand the effectiveness of the aerosol extinction profile
retrieval from passive satellite measurements (see Chapter (6)).
4.1 Introduction to the Optimal Estimation
inversion theory
When a satellite measurements of Earth’s atmosphere is made, the radi-
ation that reach the instrument is a more or less complicated function of
atmospheric parameters. Given such parameters, the TOA intensity can be
modeled with a Radiative Transfer Model (RTM); the inverse process to ob-
tain the parameters value from the measurements is often more complicated
and need a specific inversion theory: “the inverse problem is the question
of finding the best representation of the required parameter given the mea-
surements made, together with any appropriate prior information that may
be available about the system and the measuring device.” [Rodgers, 2000].
The utilization of the a-priori information is the main characteristic of the
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Optimal Estimation (OE ) inversion method, used in this work, where the
linear inversion step is based on Bayes’ theorem for the determination of
the posterior probability density function. The OE is able to describe the
information content of the measurements, the relationship between the true
state of the system and that retrieved using inverse methods and to give an
accurate error analysis of many parameters involved in the retrieval.
The following description of the OE techniques derive entirely from work of
Rodgers [2000] and represents only an overview of the principal concepts and
quantities. In the second part of the Chapter will be described the param-
eters setting for the aerosol extinction coefficient profile retrieval and error
assessment, that represents the aim of work.
4.2 The Inverse Problem
The general inverse problem can be regarded as a question of setting up and
solving a set of simultaneous linear or non-linear equations, in the presence
of experimental error in some of the parameters (the “measurements”). To
examine the information content of the indirect measurements, we will con-
sider the measurement assembled into a vector y, the measurements vector,
and the unknowns into a state vector x, describing the state of the atmo-
sphere. The transformation from the state vector space (state space) into the
measurements vector space (measurements space), is giving by the forward
model that describes the physics of the process.
4.2.1 State and Measurements vectors
As described before the quantities to be retrieved can be represented by a
state vector x having n elements:
x = [x1; x2; . . .; xn] (4.1)
In this work the state vector is the profile of the aerosol extinction coefficient
at 550 nm and the elements are the aerosol extinction coefficient values at
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different altitudes.
The quantities measured in order to retrieve x are the the measurements
vector y, having m elements:
y = [y1; y2; . . .; ym] (4.2)
4.2.2 Forward Model and Linearization
In an ideal case for each state vector x there is a corresponding measurements
vector yI described by a forward function f(x):
yI = f(x) (4.3)
In practice, the detailed physics of the forward function is approximate by
a forward model F(x) and an experimental error may occur, so the (4.3)
becomes:
y = F(x) +  (4.4)
where  is the measurements error vector, having m elements.
The quantities to be retrieved in most inverse problems are continuous func-
tions, while the measurements are always of discrete quantities. Thus most
inverse problems are formally ill-posed or undercostrained. This is simply
dealt with by replacing the truly continuous state function, corresponding to
an infinite number of parameters with a representation in terms of a finite
number of parameters.
For the examination of the information content and the development of an
inversion procedure is necessary linearize the forward model about some ref-
erence state x0:
y − F(x0) = ∂F(x)
∂x
(x− x0) +  = K(x− x0) +  (4.5)
where K is the weighting function matrix of dimension m×n. Each element
of K is the partial derivative of a forward model element with respect to a
state vector element:
Ki,j =
∂Fi(x)
∂xj
(4.6)
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∀i = 1, . . ., m
∀j = 1, . . ., n
If m < n the problem is undercostrained (or ill-posed) (fewer measures than
unknowns); if m > n the problem is overcostrained (more measures than
unknowns); if m = n the problem is wellcostrained (number of measures
equals to number of unknowns).
4.2.3 Statistical description of experimental errors
All real measurements are subject to uncertainties that are generally de-
scribed in terms of probability density functions (pdf). The statement that
a scalar measurements has a value yˆ and an error σ is a shorthand way of
saying that our knowledge of the true value of the measured parameter is
described by a pdf P (y) with expectation value yˆ and variance σ2:
yˆ =
∫
yP (y)dy (4.7)
σ2 =
∫
(y − yˆ)2P (y)dy (4.8)
The probability that y lies in (y, y + dy) is P (y)dy.
Considering a Gaussian distribution for the pdf :
P (y) =
1
(2pi)1/2σ
exp

1
2
(
y − yˆ
σ
)2 (4.9)
When the measured quantity is a vector y the mean value is computed ele-
ment by element. In analogy to (4.7), we obtain:
yˆ =
∫
yP (y)dy (4.10)
where P (y) is the pdf of the vector.
Let S the covariance matrix, i.e. the multi-dimensional generalization of the
variance. Its elements Sij are defined by:
Sij = Γ{(yi − yˆi)(yj − yˆj)} = ci,jσiσy (4.11)
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where Γ is the expected value operator and the ci,j are the linear correlation
coefficients between the elements (ci,j = 1 for i = j and ci,j ∈ [0, 1] other-
wise). The diagonal elements are the variances of the individual elements of
y.
The Gaussian distribution for a vector assume the form:
P (y) =
1
(2pi)n/2 | Sy |1/2exp
{
−1
2
(y − yˆ)TS−1y (y − yˆ)
}
(4.12)
where | Sy | represents the determinant of Sy that must be non-singular.
4.2.3.1 Bayesian approach
As described before, the act of measurement map the state into the measure-
ment space according to the forward model (see equation (4.4)). Conversely,
a given measurements, could be the result of a mapping from anywhere in
the state space. For this reason it’s necessary have some prior information
about the state, which can be used to constrain the solution. The Bayesian
approach is a method able to resolve the noisy inverse problem, in which
we have some prior understanding or expectation about some quantity, and
want to update the understanding in the light of new information.
Defining:
- P (x) as the prior pdf of the state x (P (x)dx represents our knowledge of
x before the measurements is made, it’s the probability, before the measure-
ments, that x lies in the multidimensional space (x, x + dx));
- P (y) as the prior pdf of the measurements y;
- P (y | x) as the conditional pdf of y given x (P (y | x)dy is the probability
that y lies in (y, y + dy) when x has a given value);
- P (x | y) as the conditional pdf of x given y (P (x | y)dx is the probability
that x lies in (x, x + dx) when y has a given value). This term is called pos-
terior pdf and it’s the quantity of interests for solving the inverse problem.
It can be shown that:
P (x | y) = P (y | x)P (x)
P (y)
(4.13)
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The equation (4.13) is the Bayes’ theorem; it shows that having a prior
information about the state vector (P (x)) and a forward model which maps
the state space into the measurement space (P (y | x)), the Bayesian theorem
provides a formalism to invert this mapping and calculate the posterior pdf.
4.2.3.2 The Linear problem solution
Considering a linear problem (linear forward model) in which all the pdf ’s are
Gaussian, i.e. applying the equation (4.12) at the different terms of (4.13),
the Bayesian theorem gives:
−2lnP (x | y) = (y −Kx)TS−1 (y −Kx) + (x− xa)TS−1a (x− xa) + c1
(4.14)
where:
S is the measurement covariance matrix (the diagonal elements are the
variances of y (σ
2));
xa is the a-priori state vector;
Sa is the a-priori covariance matrix (the diagonal elements are the variances
of xa (σa
2));
c1 is a constant.
This is a quadratic form in x, so it must be possible to write it as:
−2lnP (x | y) = (x− xˆ)TSˆ−1(x− xˆ) + c2 (4.15)
i.e. the posterior pdf is also Gaussian distribution with expected value xˆ and
covariance Sˆ. Relating equation (4.14) to equation (4.15) by equating like
terms we obtain:
xˆ = xa + SˆK
TS−1 (y −Kxa) (4.16)
where:
xˆ is the expected value of state vector x;
Sˆ is the posterior covariance matrix (the diagonal elements are the variances
of xˆ), giving by:
Sˆ = (KTS−1 K + S
−1
a )
−1 (4.17)
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As shown in the equations (4.16) and (4.17), the Bayesian solution of the
inverse problem is the Gaussian pdf of which xˆ is the expected value and Sˆ
the covariance.
4.3 Error analysis
For any remote measurement, the quantity measured, y, is some vector val-
ued function f of the unknown state vector x, and of some other set of
parameters b that we have decided not to include in the state vector. There
is also an experimental error term . Generalizing the equation (4.4) we
obtain:
y = f(x,b) +  (4.18)
where the forward function f describes the complete physics of the measure-
ments. The vector of parameters b comprises those quantities which influence
the measurement, are known to some accuracy, but are not intended as quan-
tities to be retrieved. The error term  includes errors from sources such as
detector noise, which are not related to the forward function parameters.
Starting from equation (4.18), considering a generic inverse or retrieval method
R and taking into account that in the real case the forward function is our
forward model, it can be shown (for details see [Rodgers, 2000, Chapter 3])
that the retrieval error has 4 components: retrieval noise , smoothing error,
forward model parameter error and forward model error. Each component
will be described in the following.
4.3.1 Retrieval noise
The retrieval noise is the error in the retrieval induced by the uncertainty in
the measurements; is defined to be:
m = G (4.19)
where:
 is the measurement noise;
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G is the gain matrix that represents the sensitivity of the retrieval (R) to
the measurements (y):
G = ∂R/∂y = (KTS−1 K + S
−1
a )
−1KTS−1 (4.20)
where S is the measurements noise covariance matrix.
The covariance of the retrieval noise is:
Sm = GSG
T (4.21)
The retrieval noise can be considered both systematic or random error.
4.3.2 Smoothing Error
The smoothing error represents the way in which the observing system smooth
the profile:
s = (A− In)(x− xa) (4.22)
where:
In is the unit matrix in state vector space;
x is the true state vector ;
A = ∂xˆ/∂x = GK, is the sensitivity of the retrieval (xˆ) to the true state (x)
and is called averaging kernel matrix. The rows of A can be regarded as
smoothing functions; in an ideal inverse method, A would be a unit matrix.
In reality, rows of A are generally peaked functions, peaking at the appro-
priate level, and with half-width which is a measure of the spatial resolution
of the observing system, thus providing a simple characterization of the rela-
tionship between the retrieval and the true state. The averaging kernel also
has an area, which is found to be approximately unity at levels where the
retrieval is accurate, and in general can be thought of as a rough measure
of the fraction of the retrieval that comes from the data, rather than the
a-priori.
Since the true state is not known, we must estimate this error contribution
using suitable statistics for an ensemble of states. If xa and Sa are the mean
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and the covariance of the ensemble, so the smoothing error covariance matrix
become:
Ss = (A− In)Sa(A− In)T (4.23)
It is straightforward to show that in the absence of other source of error:
Sˆ = Sm + Ss (4.24)
As equation (4.23) shown, to estimate the smoothing error covariance, the
covariance matrix of a real ensemble of state must be known. It is not enough
to simply use ad hoc matrix that has been constructed as a reasonable a priori
constrain in the retrieval. If the real covariance is not available, it may be
better to abandon the estimation of the smoothing error, and consider the
retrieval as an estimate of a smoothed version of the state, rather than an
estimate of the complete state.
4.3.3 Forward Model Parameter Error
The forward model parameter error is the error in the retrieval due to error
in the forward model physical parameters:
f = GKb(b− bˆ) (4.25)
where:
Kb = ∂F/∂b is the weighting function of the parameter b;
(b− bˆ) is the uncertainty of the parameter b.
Assuming that the uncertainties of b are characterized by Gaussian statis-
tics with error covariance Sb, the forward model parameter error covariance
matrix becomes:
Sf = GKbSbK
T
bG
T (4.26)
As for retrieval noise, the forward model parameter errors may contain both
systematic or random components.
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4.3.4 Forward Model Error
An additional source of error on the profile retrieval arise from approxima-
tions made in the forward model itself:
fm = G∆F (4.27)
where:
∆F is, for example, the difference between the forward model output using
low and high number of streams in the solution of radiative transfer equation.
The forward model errors are typical case of systematic errors.
4.4 Measurement Information theory
The information theory is a useful instrument to understand, in a simply
and fast way, how many independent information can be extract from the
measurements and if some measurements are able to improve the knowledge
about the quantities that we want to retrieve. This instrument will be used
massively in the thesis to understand which is the best configuration (which
wavelengths, spectral resolution, geometry, etc.) to obtain the “optimal”
state vector with errors as less as possible.
4.4.1 Degrees of freedom
The Degrees of Freedom for Signal (DFS ) represents the number of useful
independent quantities there are in a measurements. In other words DFS
can be interpreted as the number of independent linear combination of the
state vector that can be independently retrieved from the measurements.
As shown in equation (4.14), the most probable state in the Gaussian case
is the one which minimize:
χ2 = TS−1  + (x− xa)TS−1a (x− xa) (4.28)
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Equation (4.28) can be divided in two parts, corresponding to the two terms
on the right side:
ds = Γ{(x− xa)TS−1a (x− xa)} (4.29)
dn = Γ{TS−1 } (4.30)
The equation (4.29) represents first the part of χ2 attributable to the state
vector (degree of freedom for signal), while the equation (4.30) is the part of
χ2 attributable to noise (degree of freedom for noise).
After some manipulation can be shown [Rodgers, 2000, Chapter 2 ] that:
ds =
m∑
i=1
λ2i
1 + λ2i
(4.31)
where:
λi are the singular values of K˜ = S
− 1
2
 KS
1
2
a .
If n is the dimension of the state vector, we have ds = n if the measurements
completely determines the state, and ds = 0 if there is no information at all
in the measurements.
4.4.2 Shannon information content
The information content (H) of a measurement can be defined qualitatively
as the factor by which knowledge of a quantity is improved by making the
measurements. In the Shannon sense considered here [Shannon and Weaver,
1949 ], it depends on the entropy of the probability density function (S[P (ξ)])
(which is very closely related to the thermodynamic entropy) defined as fol-
lows:
S[P (ξ)] = −
∫
P (ξ)ln(P (ξ))dξ (4.32)
The information content is defined by the difference between the entropy
of the prior covariance S(P (x)) and the entropy of the posterior covariance
S(P (x | y)):
H = S[P (x)]− S[P (x | y)] (4.33)
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Considering the Gaussian pdf distribution and combining equations (4.32)
and (4.33), it can be shown that the information content become:
H =
1
2
m∑
i=1
ln(1 + λ2i ) (4.34)
If H = 0 the measurement don’t improve the knowledge of the quantity to
be retrieved; if H > 0 the entropy of the posterior covariance is less than the
entropy of the prior covariance, so after the measurements the system is less
chaotic, i.e. the measurements has improve the knowledge of the system.
4.5 Inversion iterative Method
Until now, all the consideration developed has been done considering linear
forward models. However, often, in the atmospheric retrieval, the forward
models are non-linear, so, is necessary extend the previous consideration to
this case, that is also the case of the problem considered in this work. The
formalism developed for linear forward model can be extended to yield valid
solution for non-linear forward model which behave approximately linearly
within the error bounds of the measurements. These forward models are said
moderately non-linear. The moderately non-linear problems are those where
the linearization is adequate for the error analysis, but not for finding the
solution. The solution must be found numerically and iteratively.
4.5.1 Gauss-Newton Method
The Newtonian iteration is a very useful numerical method for finding the
maximum of the cost function (see equation (4.14)) if the problem is not too
non-linear:
xi+1 = xi − [∇g(xi)]−1g(xi) (4.35)
where g(xi) is the derivative of the cost function.
Considering the equation (4.14) and substituting its prime and second deriva-
tive to equation (4.35) we obtain:
xi+1 = xa + (K
T
i S
−1
 Ki + S
−1
a )
−1KTi S
−1
 [y − yi + Ki(xi − xa)] (4.36)
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where
Ki is the weighting function for the i− th iteration;
yi = F(xi) is the simulated measurements for the i− th iteration.
For i = 0, x0 ≡ xa.
The iteration process end when a particular convergence criteria is satisfied.
See Paragraph (5.3) for detail about the convergence criteria adopted.
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Chapter 5
Forward Model development,
validation and inversion
procedure implementation
As mentioned in Chapter (2), the forward model developed (called AerLI-
DORT) is based on LIDORT code for the solution of the radiative transfer
equation. In the first part of this Chapter will be described all the user
defined atmospheric process (Paragraph (5.2.2.1)) and the principal imple-
mented subroutines (Paragraph (5.1.4)) for the TOA intensity and weighting
functions computations. The second part of the Chapter (Paragraph (5.2))
will concern the forward model validation using SCIATRAN RTM. The third
part will concern the iterative inversion procedure development.
5.1 AerLIDORT Atmospheric Optical Prop-
erties
In the forward model has been implemented the possibility to set a user
defined numbers of layers and thickness. For each layer, temperature, pres-
sure, molecular and aerosol optical properties (see Paragraph 5.1.1 and 5.1.2,
respectively) are introduced. The spectral albedo for different surfaces is con-
sidered lambertian (see Paragraph 5.1.3).
In the model the aerosol stratification has been introduced, i.e. the possibility
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to put different aerosol classes at different altitudes has been implemented.
In the following is shown the procedures to compute the optical properties
of molecules and aerosol for each atmospheric layer.
5.1.1 Molecules
As shown in Paragraph (3.2.1) the molecular atmospheric input to introduce
in LIDORT code are:
molecular extinction coefficients (eRayp,λ ):
eRayp,λ = αp,λ + σ
Ray
p,λ (5.1)
where:
αp,λ is the molecular absorption coefficient ;
σRayp,λ is the molecular scattering coefficient.
molecular single scattering albedo (ωRays,p,λ):
ωRayp,λ =
σRayp,λ
ep,λ
(5.2)
where:
ep,λ is the total extinction coefficient.
molecular phase function (pR,p).
In the following each term will be described separately.
5.1.1.1 Absorption
The absorbing molecule introduced into the model is the oxygen (A− band,
from 755 to 775 nm). The molecular absorption coefficients is computed, for
each layer, giving the cross section and the volume mixing ratio (Φo2,p) ex-
tract from SCIATRAN RTM databases [Rozanov et al., 1997]; for definition:
Φo2,p =
Po2,p
Pp
106 (5.3)
where:
Po2,p is the partial pressure of the oxygen in layer p;
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Pp is the layer p total pressure.
Considering the gas state equation, after straightforward manipulation, the
(5.3) becomes:
Φo2,p = ρo2,p
106RTp
Υo2,pPp
(5.4)
then:
ρo2,p =
Φo2,pΥo2,pPp
106RTp
(5.5)
where:
ρo2,p [g/m
3] is the molecular density of oxygen in layer p;
R is the Universal gas constant (= 8.319 · 104[mbar·cm3
K·mol
]);
Tp [K]is the temperature of layer p;
Υo2,p is the molecular weight of oxygen in layer p.
The molecular absorption coefficient (αRayo2,p) is giving by:
αo2,p,λ = α
abs
o2,p,λ
ρo2,p (5.6)
where αabso2,p,λ ([cm
2/molecules]) is the specific absorption cross sections of
oxygen in layer p. The oxygen (A-band) specific absorption cross sections
database, introduced in the model, has been extract from the ESFT (Expo-
nential Sum Fitting of Transmission (ESFT) technique) SCIATRAN database
[Buchwitz et al., 1998 ]. The database contains the cross section values from
755.025 to 775.025 nm, step 0.05 nm, for 10 pressure values (0.01, 1, 10,
100, 300, 500, 700, 900, 1000, 1050 hPa) and 5 temperature values (160, 210,
250, 275, 300, 330 K); the specific absorption cross sections for layer p, with
temperature Tp and pressure Pp, is computed by bi-linear interpolation.
Substituting the (5.5) into the (5.6), and after some manipulations, the
molecular absorption coefficient [km−1] becomes:
αo2,p,λ =
αabso2,p,λΦo2 ,pPpA
RTp
0.1 (5.7)
where:
A is the Avogadro number (6.023 · 1023 molecules/mol).
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5.1.1.2 Rayleigh scattering
The Rayleigh scattering cross section (σscattλ ) is giving by (see, for example
[Kondratyev, 1969]):
σscattλ (λ) =
32pi3(n− 1)2
3N20 λ
4
(5.8)
where:
n is the refractive index ;
N0 is the Loschmidt’s number (= 2.686763 · 1019 cm−3).
To take into account the molecules anisotropy, the depolarization factor has
been considered. The scattering of light by anisotropic molecules was treated
for the first time by Cabannes [1921] who showed that for 90◦ scattering angle
the anisotropic molecules scatter more light than isotropic, giving the same
refractive index. In 1923 King [1923] introduced the correction for total
scattering:
Fλ =
(6 + 3dλ)
6− 7dλ (5.9)
where:
Fλ is the King correction factor ;
dλ = [(I
(s)
‖ (λ))/(I
(s)
⊥ (λ))]θs=90◦ is the depolarization factor, I
(s)
‖ (λ) and I
(s)
⊥ (λ)
are, respectively, the horizontal and vertical polarized components of scat-
tered light and θs is the scattering angle.
Taking into account the King factor, the Rayleigh scattering cross section
becomes:
σscatt∗λ =
32pi3(n− 1)2Fλ
3N20 λ
4
(5.10)
The Rayleigh cross section shown in equation 5.10 is reproduced to 0.3% rms
(worst case 0.5%) over the full 0.2 - 1 µm range by the expression [Chance,
1997]:
σscatt∗λ =
3.993 · 10−4β4
1− 1.069 · 10−2β2 − 6.681 · 10−5β4 (5.11)
where β(µm−1) = 1
λ(µm)
and [σscatt∗] = cm2.
The Rayleigh scattering coefficients for each layer (σRayp , [km
−1]) is computed
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by multiplying the scattering cross section and the layer air density (ρairp )
(see [Bodhaine, 1999]):
σRayp,λ = 10
5σscatt∗λ ρ
air
p (5.12)
where:
ρairp = (PpA)/(RTp) [molecules/cm
3] and 105 is the conversion factor from
cm−1 to km−1.
5.1.1.3 Rayleigh Phase Function
The scattering of light by molecules is similar to that of an induced dipolar
oscillator. The classical model, that fit observations quite well, considers the
(unpolarized) incident wave to induce a motion of the bound electrons, which
is in phase with the wave. Its interaction with an unpolarized wave results in
the molecule extracting energy from the wave and then re-radiating it in all
directions. Taking into account the anisotropy of molecules, also the angular
distribution of Rayleigh scattered light is influenced. An accurate formula
was proposed by Chandrasekhar [1960]:
pRay,λ(µs) =
3
4(1 + 2γ)
[(1 + 3γ) + (1− γ)µ2s] (5.13)
where: γ = (dλ)/(2− dλ).
Considering the equation (5.13) and (3.5) it is possible compute the Legendre
moments of the phase function:
χ0,λ =
1
2
∫ 1
−1
P0(µs)pRay,λ(µs)dµs (5.14)
=
1
2
∫ 1
−1
3
4(1 + 2γ)
[(1 + 3γ) + (1− γ)µ2s]dµs = 1 (5.15)
χ1,λ =
1
2
∫ 1
−1
P1(µs)pRay,λ(µs)dµs (5.16)
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=
1
2
∫ 1
−1
µs
3
4(1 + 2γ)
[(1 + 3γ) + (1− γ)µ2s]dµs = 0 (5.17)
χ2,λ =
1
2
∫ 1
−1
P2(µs)pRay,λ(µs)dµs (5.18)
=
1
2
∫ 1
−1
1
2
(3µ2s − 1)
3
4(1 + 2γ)
[(1 + 3γ) + (1− γ)µ2s]dµs (5.19)
=
1
10
(1− γ)
(1 + 2γ)
=
1
5
(1− dλ)
(2 + dλ))
(5.20)
where Pl(µs), for l = 0, 1, 2, are the Legendre polynomials.
It could be shown that ∀ l ≥ 2, χl,λ = 0.
Applying the equation (3.4) the Rayleigh phase function becomes:
pRay,λ(µs) = 1 +
(1− dλ))
(2 + dλ))
P2(µs) (5.21)
The depolarization factor is computed from equation (5.9):
dλ = 6
Fλ − 1
3 + 7Fλ
(5.22)
where the King factor (Fk) is obtained by an empirical formula derived from
Bates data [Bates, 1984 ] by Chance:
Fλ = 1.0469541 + β
23.250315310−4 + β43.862285110−5 (5.23)
where β = 1
λ
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5.1.2 Aerosol
As in the case of molecules, the aerosol optical properties to introduce are:
aerosol extinction coefficient (eAerp,λ ):
eAerp,λ = e
Aer
p,550
kλ
k550
(5.24)
where:
eAerp,550 [km
−1] is the reference aerosol extinction coefficient profile at 550 nm
wavelength;
k550 [km
−1/cm3] is the specific aerosol extinction coefficients at 550 nm;
kλ [km
−1/cm3] is the specific aerosol extinction coefficients at wavelength λ.
aerosol single scattering albedo (ωAerp,λ ):
ωAerp,λ =
σAerp,λ
ep,λ
=
eAerp,λ Ω
Aer
λ
ep,λ
(5.25)
where:
σAerp,λ [km
−1] is the aerosol scattering coefficient ;
ΩAerλ is the specific single scattering albedo.
aerosol phase function (pAerp ).
In the model are been inserted 8 aerosol classes: maritime, volcanic, deser-
tic, biomass burning, background stratospheric, urban, average continental
and rural. The aerosol optical spectral properties (specific extinction coeffi-
cient, specific single scattering albedo, asymmetry factor, phase function and
Legendre moments) for each class derive from Levoni [Levoni et. al 1997]
database. In the model has been implemented also the aerosol stratification,
giving the possibility, to select different class of aerosol at different altitudes.
5.1.2.1 Aerosol Phase Function
Two kinds of aerosol phase functions has been introduced: the analytic
Henyey-Greenstein phase function and the Mie phase function that can
be reconstructed from the Legendre moments. In latter case the equation
(3.4) is directly applying and the Legendre moments are extract from the
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aerosol database, computed considering the micro physical properties of
aerosol classes and applying the Mie theory. The “Mie” phase functions
represents the better approximation of the real phase function. In Figure
(5.1) are shown some Mie phase functions for different aerosol classes at 500
nm, varying the scattering angle.
In the processing operation the use of the Mie phase functions involve greater
processing time, but in many cases the use of a approximate description (as
Henyey-Greenstein phase function is), should carry out a not negligible er-
rors in the atmospheric representation and then in the retrieval. In Figure
(5.2) are shown the comparison between the Mie phase function and the
Henyey-Greenstein phase function for maritime aerosol at 500 nm, varying
the scattering angle; as can be noted, in the scattering angle range for nadir
sounding, the difference between the two is relevant.
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Figure 5.1: Comparison between Mie phase functions for different aerosol classes,
at 500 nm.
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Figure 5.2: Comparison between Mie phase function and Henyey-Greenstein phase
function, for maritime aerosol at 500 nm; in figure is also shown the scattering
angle range for nadir sounding (100 - 180 degrees).
5.1.2.2 Henyey-Greenstein Phase Function
The Henyey-Greenstein (H −G) phase function was proposed by L. Henyey
and J. Greenstein in 1941; this function has no physical basis and should be
considered as one-parameter analytic fit to an actual phase function:
pHG,s,λ(µs) =
1− g2s,λ
(1 + g2s,λ − 2gs,λµs)3/2
(5.26)
where gλ is called asymmetry factor.
If gλ = 1 the H-G phase function yields complete forward scattering, isotropic
scattering for gλ = 0 and complete backward scattering for gλ = −1. A re-
markable feature of the H-G function is the fact that the Legendre polynomial
coefficients are simply; applying the equation (3.5) it can be shown that:
χl = (gs,λ)
l (5.27)
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Only the first moments of the phase function (i.e. the asymmetry factor
g, see Paragraph (3.27)) must be specified to obtain the complete phase
function. Considering the equation (3.4):
pHG,s,λ(µs) = 1 + 3gs,λP1(µs) + 5g
2
s,λP2(µs) + 7g
3
s,λP3(µs) + . . . (5.28)
The asymmetry factor is extract from aerosol database for each class and
wavelength.
5.1.3 Surface Albedo
The surface spectral albedo can be set by the user or computed, making a
linear interpolation, by the spectral albedo database extract from the GOME
Cloud and Aerosol DAta Products Algorithms development (CADAPA) re-
port [Guzzi et al., 1998 ]. The surfaces considered are: water, soil, sand,
vegetation and snow. In Figure (5.3) and Figure (5.4) are shown, respec-
tively, the CADAPA spectral albedo for different surfaces in a wide spectral
range and in the oxygen A− band spectral range.
5.1.4 AerLIDORT implementation subroutines
The principal subroutines has been implemented to introduce the Sun irradi-
ance spectra, to take into account the different distance between Earth and
Sun during the year and to compute the convolution with the instrumental
slit function.
The solar irradiance database has been extract from SCIATRAN and is used
to compute the radiance spectra (see Paragraph (3.2.1)).
The Earth-Sun correction (dE,S) is obtain applying the following relation
[from SCIATRAN RTM, Rozanov et al., 1997 ]:
dE,S = 1.00011 + (0.034221 ∗ cos(γ)) + (0.00128 ∗ sin(γ)) + (5.29)
+(0.000719 ∗ cos(2.0 ∗ γ)) + (0.000077 ∗ sin(2.0 ∗ γ))
where:
γ = 2.0pi(d− 1.0)/365.0 and d is the day of the year.
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Figure 5.3: Spectral albedo for different surfaces (CADAPA reference).
For the slit function convolution a brief description is presented below.
5.1.4.1 SCIAMACHY slit function convolution
To reproduce the instrument TOA Intensity is necessary convolve the high
resolution spectra with the normalized instrument slit-function:
Ii =
∫ ∞
0
dλS(λi, λ)I(λ) (5.30)
where:
Ii is the i-channel convoluted TOA Intensity;
S(λi, λ) is the normalized instrument i
th channel slit-function;
I(λ) is the high resolution TOA Intensity.
Considering the linearization of the Forward Model, the i-channel weighting
function (Ki,j) become:
Ki,j =
∂Ii
ξj
=
∫ ∞
0
dλS(λi, λ)
∂I(λ)
∂ξj
(5.31)
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Figure 5.4: Spectral albedo for different surfaces in the oxygen A− band spectral
range.
where ξj is the j
th component of the state vector of parameters to be retrieved.
The SCIAMACHY slit-function type and the associated Full Width Half
Maximum (FWHM) parameter vary with wavelengths (see Paragraph (2.1)).
In channel 4, for the oxygen A-band, the employed normalized slit function
is a single hyperbolic:
S(λi, λ) =
√
2
pi
(FWHM
2
)3
(λi − λ)4 + (FWHM2 )4
(5.32)
with FWHM = 0.4.
As example, in Figure (5.5) are shown 10 SCIAMACHY single hyperbolic
slit function in the oxygen A-band, around 762 nm.
5.1.5 Input for Weighting Function computation
As will be shown in the next Chapter, not only the aerosol extinction coef-
ficient weighting functions, needed for the retrieval, must be computed. To
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Figure 5.5: SCIAMACHY slit functions around 762 nm.
operate an exhaustive error assessment computation (see Paragraph (4.3)),
the weighting functions of different atmospheric parameters, that influence
the retrieval itself, has been computed. This parameters are the aerosol sin-
gle scattering albedo, the aerosol Mie phase function, the molecular absorbing
coefficient, the Rayleigh scattering coefficient and the surface albedo. Except
for surface albedo, for which the weighting functions are computed automat-
ically from the LIDORT code, for each atmospheric parameter the relative
variations terms (see Paragraph (3.3)) must be computed.
Aerosol Extinction Coefficient
Variable: ξp = e
Aer
p
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From equation (3.38):
up = u
Ray
p + u
Aer
p =
eAerp
ωRayp
∂ωRayp
∂eAerp
+
eAerp
ωAerp
∂ωAerp
∂eAerp
(5.33)
Substituting the equation (5.1) and (5.25) into (5.33), after straightforward
manipulation we obtain:
up = −
eAerp
ep
+
ep − eAerp
ep
=
ep − 2eAerp
ep
(5.34)
From equation (3.39) and substituting the (5.1):
vp =
eAerp
ep
∂ep
∂eAerp
=
eAerp
ep
(5.35)
From equation (3.41):
zl,p = z
Ray
l,p + z
Aer
l,p =
eAerp
χRayl,p
∂χRayl,p
∂eAerp
+
eAerp
χAerl,p
∂χAerl,p
∂eAerp
= 0 (5.36)
(∀l)
Aerosol Single Scattering Albedo
Variable: ξp = ω
Aer
p
up = u
Ray
p + u
Aer
p =
ωAerp
ωRayp
∂ωRayp
∂ωAerp
+
ωAerp
ωAerp
∂ωAerp
∂ωAerp
= 1 (5.37)
vp =
ωAerp
ep
∂ep
∂ωAerp
= 0 (5.38)
zp,l = z
Ray
p,l + z
Aer
l,p =
ωAerp
χRayl,p
∂χRayl,p
∂ωAerp
+
ωAerp
χAerl,p
∂χAerl,p
∂ωAerp
= 0 (5.39)
(∀l)
Aerosol Phase Function
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All the simulations for the aerosol extinction coefficient profile retrieval, has
been done considering the aerosol Mie phase function. As shown in Para-
graph (5.1.2.1), the Mie phase function has been computed from the Legendre
moments extract from the aerosol database. So aerosol phase function vari-
ation has been computed varying its Legendre moments.
Variable: ξp = χ
Aer
l,p
up = u
Ray
p + u
Aer
p =
χAerl,p
ωRayp
∂ωRayp
∂χAerl,p
+
χAerl,p
ωAerp
∂ωAerp
∂χAerl,p
= 0 (5.40)
vp =
χAerl,p
ep
∂ep
∂χAerl,p
= 0 (5.41)
zl,p = z
Ray
l,p + z
Aer
l,p =
χAerl,p
χRayl,p
∂χRayl,p
∂χAerl,p
+
χAerl,p
χAerl,p
∂χAerl,p
∂χAerl,p
= 1 (5.42)
(∀l)
Rayleigh Scattering Coefficient
Variable: ξp = σ
Ray
p
up = u
Ray
p + u
Aer
p =
σRayp
ωRayp
∂ωRayp
∂σRayp
+
σRayp
ωAerp
∂ωAerp
∂σRayp
(5.43)
Considering the equations (5.2) and (5.25) the (5.43) becomes:
up =
ep − σRayp
ep
− σ
Ray
p
ep
=
ep − 2σs,Rayp
ep
(5.44)
vp =
σRayp
ep
∂ep
∂σRayp
=
σRayp
ep
(5.45)
zl,p = z
Ray
p,l + z
Aer
l,p =
σRayp
χRayl,p
∂χRayl,p
∂σRayp
+
σRayp
χAerl,p
∂χAerl,p
∂σRayp
= 0 (5.46)
(∀l)
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Oxygen absorption Coefficient
Variable: ξp = α
Ray
p
up = u
Ray
p + u
Aer
p =
αRayp
ωRayp
∂ωRayp
∂αRayp
+
αRayp
ωAerp
∂ωAerp
∂αRayp
(5.47)
Considering the equations (5.2) and (5.25) the (5.43) becomes:
up = −
αRayp
ep
− α
Ray
p
ep
= −2α
Ray
p
ep
(5.48)
vp =
αRayp
ep
∂ep
∂αRayp
=
αRayp
ep
(5.49)
zl,p = z
Ray
p,l + z
Aer
l,p =
αRayp
χRayl,p
∂χRayl,p
∂αRayp
+
σRayp
χAerl,p
∂χAerl,p
∂αRayp
= 0 (5.50)
(∀l)
5.2 AerLIDORT Validation
The comparison between the forward model developed and well known and
validated RTM is a fundamental step to assure the goodness of the forward
model itself. In general this operation is extremely critical because of the
enormous number of variables and settings. For example different method
for the solution of the radiative transfer equation, different databases of same
molecular species or aerosol types, gives different results not easy to compare.
In many cases is difficult understand how much a recognize difference between
the forward model developed and reference RTM is due to a difference in the
optical properties of molecules and aerosols, RTE solution method or due to
a difference in the relashionship considered to compute the atmospheric pa-
rameters. The comparison has been made with RTM SCIATRAN Version
1.2 [Buchwitz et al., 1998 ]; to avoid the uncertainty above briefly described,
the molecular and aerosol databases are extract from SCIATRAN and insert
in AerLIDORT. The same atmospheric stratification and the same charac-
teristics for the radiative transfer equation solution (number of streams and
Legendre polynomials) has been set.
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5.2.1 SCIATRAN RTM
SCIATRAN (an extension of GOMETRAN radiative transfer model [Rozanov
et al., 1997]) is a radiative transfer program developed at the institute of Re-
mote Sensing and Institute of Environmental Physics at University of Bremen
(Germany), designed to allow fast and accurate simulation of radiance spec-
tra as measured from space with the passive remote sensing UV-Vis-NIR
spectrometers GOME (Global Ozone Monitoring Experiment) [Burrows et
al., 1999] and SCIAMACHY [Bovesmann et al., 1999 ]. SCIATRAN works
on 240nm - 2400 nm spectral range, several spectral windows can be se-
lected and can be used for the simulation of quantities like TOA radiance
and related quantities, e.g., airmass factors and/or weighting functions. It
consider 14 molecular species; the absorption cross-section of line-absorber
depends strongly on wavelength, pressure and temperature and can be calcu-
lated from spectroscopic line parameters like line position, line intensity, air-
broadened half-width etc. (obtained from, e.g., the HITRAN spectroscopic
data base [Rothman et al., 1998]). Two program modes are implemented in
order to accurately considered line-absorptions: an accurate line-by-line and
a significantly faster correlated-k mode [Buchwitz et al., 1998]. Full mul-
tiple scattering treatment (intensity and weighting functions) and several
single scattering options. Two aerosol parameterization are implemented:
the widely used LOWTRAN 7 aerosol scheme including Henyey-Greenstein
phase functions or, alternatively, an aerosol parametrization developed for
GOMETRAN which has been extended in order to cover the spectral range
of SCIAMACHY.
5.2.2 Characteristics of simulations for TOA Intensity
and Weighting Functions validations
• Atmospheric stratification: from 0 to 60 km, step 1 km, pressure and
temperature for midlatitude summer standard profile;
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• Surface albedo: 0 for each wavelength;
• Reference aerosol extinction coefficient profile: standard MODTRAN
profile, referred to 550 nm, with surface visibility of 23 km (see figure
(5.6)) and AOT = 0.3315;
• Aerosol characteristics: water soluble with 0% humidity from SCIA-
TRAN database, Mie phase function;
• Molecule characteristics: ESFT for oxygen A-band from SCIATRAN
database;
• Characteristics of radiative transfer equation solution: 20 streams, 40
Legendre polynomials, Nakajima − Tanaka correction, Delta − M
method;
• Geometry : Solar Zenith Angle (SZA) = 30◦, Line Of Sight (LOS) =
0◦, Relative AZimuth Angle (RAZA) = 140◦
5.2.2.1 TOA Intensity comparison
The TOA intensity comparison has been made by comparing the TOA re-
flectance in the atmospheric windows and in the oxygen A-band. The atmo-
spheric windows wavelengths, select for the retrieval, are those for which the
transmittance is greater than 0.996 and the difference between the reflectance
considering and not considering the gas absorption is less than 1% i.e. the
effect of the gaseous absorption is negligible (see Paragraph 2.2)). In Figure
(5.7) is shown the SCIATRAN reflectance spectra without molecular absorp-
tion and the AerLIDORT reflectance for the atmospheric windows selected
wavelengths. As it can be seen, the coincidence is very well; the percentage
differences are always under 0.1 %.
As described in the Paragraph (5.1.1.1), the ESFT database, introduced
in the forward model, give the high resolution molecular oxygen cross section
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Figure 5.6: Standard MODTRAN aerosol extinction coefficient profile at 550 nm
(surface visibility = 23 km, AOT = 0.3315).
every 0.05 nm from 755.025 to 775.025 nm. To obtain the SCIAMACHY sim-
ulated spectra, the high resolution spectra must be computed and the SCIA-
MACHY slit function applied (see Paragraph (5.1.4.1)). In Figure (5.8) and
(5.9) are shown, respectively, the spectra computed before (high resolution
spectra) and after (SCIAMACHY resolution) the slit function application
for SCIATRAN and AerLIDORT. To give prominence the spectral difference
between the simulations, the percentage difference between the spectra has
been computed:
∆R =
Rsciatran −Raerlidort
Rsciatran
100 (5.51)
where Rsciatran and Raerlidort are, respectively, the TOA reflectance of SCI-
ATRAN and AerLIDORT simulations. In Figure (5.10) are shown the per-
centage difference and the histograms of the differences between the high
resolution spectra; as it can be seen the highest differences are relative to
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Figure 5.7: SCIATRAN TOA reflectance spectra and AerLIDORT reflectance for
selected wavelengths in atmospheric windows.
low reflectance values, where the absorption coefficient is higher. In Figure
and (5.11) are shown the percentage difference and the histograms of the
differences, between the simulated spectra when the slit function is applied.
Also in this case, as in the atmospheric window comparison, the coincidence
is well, taking into account that almost the 95 % of differences ranges from
±1%.
5.2.2.2 Weighting Functions comparison
The weighting function validation for a given atmospheric parameter ξ, is
made by comparing the analytical weighting function computed by AerLI-
DORT and the finite-difference weighting function (Kfd) computation. The
latter, based on the atmospheric parameter perturbation, is the most used
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Figure 5.8: TOA Reflectance for oxygen a− band; spectral resolution = 0.05 nm.
method for the weighting function computation:
Kfd =
I(ξ(1 + ))− I(ξ(1− ))
2
(5.52)
where:  is the relative value of the perturbation.
This requires two separate calls to the forward model, once to the atmo-
spheric property ξ perturbed to ξ(1 + ) and then again with property ξ
perturbed to ξ(1 − ). In the limit as  tends to zero, the finite difference
results should reproduce the analytical weighting function.
All the weighting function used in this work has been validated. In Table (5.1)
and Table (5.2) are shown, respectively, the results for aerosol extinction co-
efficients (Aer ext), aerosol Mie phase function (Mie phase), aerosol single
scattering albedo (Aer ssalb), oxygen absorption coefficient (O2 absco) and
Rayleigh scattering coefficient (Ray scatt) considering different levels (0.5,
5.5 and 11.5 km), for λ = 550 nm and λ = 761 nm (representatives for
atmospheric window and strong absorption wavelengths). All the computa-
83
755 760 765 770 775
0.005
0.01
0.015
0.02
0.025
0.03
SCIAMACHY slit function convoluted spectra
Wavelength (nm)
TO
A 
Re
fle
ct
an
ce
SCIATRAN simulation
AER−LIDORT simulation
Figure 5.9: TOA Reflectance for oxygen a−band; convolution with SCIAMACHY
slit function.
tions has been done considering a fixed 1% perturbation ( = 0.01).
In Figure (5.12) are shown the weighting functions for the atmospheric pa-
rameter described below, into the oxygen A-band.
The Tables (5.1) and (5.2) shows a very good agreement between the
analytical and the finite difference weighting functions.
Note on the weighting function of the aerosol Mie phase function
As the Tables (5.1) and (5.2) shows, for 150 degrees scattering angle, the
weighting functions of the aerosol Mie phase function are negative. Because
is not intuitive understand why (differently from the other atmospheric pa-
rameters), a brief considerations will follow.
To compute an atmospheric parameter weighting functions, its perturbation
must be done. The Mie phase function has been computed using the Legen-
dre moments, so the Mie phase function perturbation regards the Legendre
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Figure 5.10: Percentage relative differences and histogram of the relative dif-
ferences between SCIATRAN and AerLIDORT TOA Reflectance, considering a
spectral resolution of 0.05 nm.
moments perturbation itself (see Paragraph (5.1.5)). The operation must
be done carefully because the normalization property of the phase functions
integral over solid angle, must be satisfied (see Paragraph (3.2)), i.e. the first
Legendre moment must be one. Taking into account the previous considera-
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Figure 5.11: Percentage relative differences and histogram of the relative differ-
ences between SCIATRAN and AerLIDORT TOA Reflectance convoluted with
SCIAMACHY slit function.
tions, the perturbed phase function becomes:
p‘p(µs) =
2N−1∑
l=0
(2l + 1)χ‘l,pPl(µs) = χ0,p +
2N−1∑
l=1
(2l + 1)χl,p(1 + )Pl(µs) (5.53)
where:
p‘p(µs) is the Mie phase function perturbed;
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λ = 550 nm
parameter level (km) WF WFfd % diff
Aer ext 0.5 1.0600241 · 10−2 1.0600240 · 10−2 1.2971944 · 10−5
Aer ext 5.5 7.1858846 · 10−4 7.1858845 · 10−4 1.0167287 · 10−6
Aer ext 11.5 6.2497336 · 10−5 6.2497336 · 10−5 4.1840776 · 10−8
Mie phase 0.5 −2.9935057 · 10−2 −2.9935052 · 10−2 1.5916237 · 10−5
Mie phase 5.5 −1.8632406 · 10−3 −1.8632406 · 10−3 5.6549956 · 10−7
Mie phase 11.5 −1.4851525 · 10−4 −1.4851525 · 10−4 2.1897358 · 10−9
Aer ssalb 0.5 1.4806378 · 10−2 1.4806535 · 10−2 1.0554408 · 10−3
Aer ssalb 5.5 1.7132780 · 10−3 1.7132781 · 10−3 8.4109889 · 10−6
Aer ssalb 11.5 1.5841298 · 10−4 1.5841298 · 10−4 5.5566728 · 10−8
Ray scatt 0.5 4.0760485 · 10−3 4.0760485 · 10−3 4.0717559 · 10−7
Ray scatt 5.5 2.4718466 · 10−3 2.4718466 · 10−3 3.8346639 · 10−7
Ray scatt 11.5 1.2511915 · 10−3 1.2511915 · 10−3 9.6310061 · 10−8
Table 5.1: weighting function analytical and finite-difference comparison for dif-
ferent atmospheric quantity and levels, at 550nm.
λ = 761 nm
parameter level (km) WF WFfd % diff
Aer ext 0.5 2.5976477 · 10−4 2.5976472 · 10−4 1.8265922 · 10−5
Aer ext 5.5 7.5880962 · 10−5 7.5880962 · 10−4 3.1910055 · 10−7
Aer ext 11.5 1.6313465 · 10−5 1.6313465 · 10−5 1.0846594 · 10−9
Mie phase 0.5 −7.6383170 · 10−4 −7.6383172 · 10−4 2.2690353 · 10−6
Mie phase 5.5 −2.3721920 · 10−4 −2.3721920 · 10−4 2.0686818 · 10−8
Mie phase 11.5 −5.1579261 · 10−5 −5.1579261 · 10−5 1.5901720 · 10−10
Aer ssalb 0.5 2.8609054 · 10−4 2.8609090 · 10−4 1.2616834 · 10−4
Aer ssalb 5.5 9.1952917 · 10−5 9.1952918 · 10−5 7.7457555 · 10−7
Aer ssalb 11.5 1.8906134 · 10−5 1.8906134 · 10−5 1.0548187 · 10−8
Ray scatt 0.5 5.3278345 · 10−5 5.3278345 · 10−5 1.4154716 · 10−8
Ray scatt 5.5 1.5172583 · 10−4 1.5172583 · 10−4 3.2349225 · 10−8
Ray scatt 11.5 1.9880596 · 10−4 1.9880596 · 10−4 4.4276197 · 10−8
O2 absco 0.5 −7.4405906 · 10−5 −7.4406391 · 10−5 6.5219177 · 10−4
O2 absco 5.5 −3.4181367 · 10−4 −3.4181417 · 10−4 1.4781416 · 10−4
O2 absco 11.5 −1.3186603 · 10−4 −1.3186606 · 10−4 2.5094795 · 10−4
Table 5.2: weighting function analytical and finite-difference comparison for dif-
ferent atmospheric quantity and levels, at 761nm.
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Figure 5.12: weighting functions computed by AerLIDORT for different atmo-
spheric parameters.
χ‘l,p = χl,p(1 + ) are the Legendre moments perturbed;
 is the perturbation.
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After straightforward manipulation the (5.13) becomes:
p‘p(µs) = pp(µs) + (pp(µs) − 1) (5.54)
The Figure (5.13) shows the phase functions original and perturbed for scat-
tering angles between 100 and 180 degrees (scattering angle range for nadir
sounding); the Figure shown, considering the scattering angle of the sim-
ulations (150 degrees), that the consequence of the Legendre polynomials
perturbation () is the lessening of the phase function. Considering that the
TOA intensity is proportional to the phase function (in first approximation,
considering the single scattering relationship (I ∝ ωpτ)), if the phase func-
tion decrease, the TOA intensity also decrease. This is the reason why the
weighting functions are negative.
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Figure 5.13: 550 nm phase function before and after the Legendre Polynomials
perturbation.
89
5.3 Implementation of iterative inversion pro-
cedure
After the forward model validation, the last step for the inversion procedure
development is the inversion scheme implementation (see Figure (5.14)).
As the Figure shows, at the first step (i = 0) the initialization profile
Figure 5.14: Inversion iterative procedure scheme.
(a-priori) (the aerosol extinction coefficient profile) is giving in input to Aer-
LIDORT. The forward model gives in output the relatives TOA intensity
and weighting function. The TOA intensity computed (yi) with the simu-
lated TOA intensity (y) and the measurement covariance matrix (S) are
the input for the convergence criteria subroutine. Every iterative procedure
need a convergence analysis to determine the correct criterion for stopping
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the iteration. The convergence criteria here considered regards the difference
between the TOA reflectance computed during the iterations (relatives to the
a-priori profile for the first step and to the computed profile for the following
steps) (yi) and the simulated TOA intensity (y) (simulated from the “true”
aerosol profile taken as reference (see Chapter 6)):
| y − yi | < (S)1/2 (5.55)
When the difference between the TOA intensities is less than the measure-
ment uncertainty, the iteration is stopped and the results is giving in output.
If the convergence criteria is not satisfied, the Gauss-Newton inverse method
(described in Paragraph (4.5.1)) is applied, the new iterative profile (xi+1) is
computed and the iterative process restart.
For the retrievals considered in this work the iterations stopped after 3-4
iterations.
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Chapter 6
Test case: SCIAMACHY nadir
measurements.
Setting Parameters
Since aerosol extinction coefficient stratospheric profiles retrieval may be ob-
tained from SCIAMACHY limb measurements (see Chapter (2)), the possi-
bility to retrieve the aerosol profile in troposphere from nadir measurements
has been investigated. The iterative inversion procedure in multiple scat-
tering atmosphere, developed and described in the previous Chapter, has
been applied to nadir SCIAMACHY measurements to understand the effec-
tiveness of tropospheric aerosol extinction coefficient profile retrieval and to
carry out a complete error analysis (see Chapter (7)). In this Chapter the
characteristics of the simulations and the parameters setting for the Optimal
Estimation inversion technique and error analysis will be described.
6.1 Input for Optimal Estimation inversion
procedure and Error Assessment
6.1.1 State Vector and A-priori correlation matrix
The aim of the work is the retrieval of the aerosol extinction coefficient pro-
file at 550 nm (e550). Taking into account that e550 ranges over order of
magnitude with height in the atmosphere (see Figure (5.6)), it is more con-
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venient, from the computational point of view, to deal with the logarithm
of such quantity. Therefore the state vector choice is the logarithm of the
aerosol extinction coefficient profile at 550nm:
x = ln(e550) (6.1)
Consequently the associated weighting functions are the PNWF (see Para-
graph (3.3)).
From the a-priori correlation matrix definition (see Paragraph (4.2.3.2)), the
diagonal elements are the square of the state vector standard deviation. Be-
ing the state vector the logarithm of the aerosol extinction coefficient it’s
trivial to demonstrate that such elements becomes the square of the ratio
between the aerosol extinction coefficient standard deviation and the aerosol
extinction coefficient itself:
[
σln(e550)
]2
=
[
σe550
e550
]2
(6.2)
where:
σln(e550) is the standard deviation of the ln(e550);
σe550 is the standard deviation of e550.
For the a-priori correlation matrix also the interlevel correlation has been
considered [Rodgers, 1990, 2001 ]:
Sai,j = (σai,j)
2exp
{
− | i− j | δzi,j
h
}
, ∀(i 6= j) (6.3)
where:
δzi,j is the level distance between the i and j layers mid-altitudes;
h is the aerosol scale height set equal to 2 [Smirnov et al., 2000, Gerasopoulos
et al., 2003 ].
Both the a-priori aerosol extinction coefficient profile and its standard de-
viation are the most critic parameters to set due to the aerosol extinction
coefficient profile large variability over small temporal and spatial scales and
the lack of the experimental source of data.
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One of the few yearly records of aerosol vertical profiles available in the lit-
erature has been described by Gobbi and Barnaba [2003]. One year (from
15 February 2001 and 14 February 2002) of Lidar aerosol profile over Rome
has been collected and analyzed. The cloudless portion of the observations,
which includes planetary boundary layer aerosol, Saharan dust and cirrus
cloud conditions, has been discussed. The statistical analysis of the observa-
tion has been done by both averaging over the whole dataset (yearly average)
and over seasonal periods (for example June to August (JJA)). In each case,
four average profiles has been provided, referring to total set of observations
(TOT), observation collected in no-dust conditions (ND), observation col-
lected in no-cirrus conditions (NC) and Saharan dust affected observations
(SD). For each averaged profile also the standard deviation is given.
In this work, two tropospheric aerosol profile variation cases has been con-
sidered:
1) lower tropospheric variation considering maritime aerosol (called “mar-
itime test”) as representative of oceanic aerosol variation;
2) entire tropospheric variation considering desertic aerosol (called “desertic
test”) as representative of Saharan dust transport over Mediterranean. In
the example selected cases the cloud effect is not considered and the retrieval
and error assessment are carrying out in a midlatitude summer atmosphere,
therefore the aerosol profile choice as reference are the NC and SD averaged
profiles for JJA. Figure (6.1) shows the a-priori profiles considered (scaled
from 532 nm (Lidar reference wavelength) to 550 nm (retrieval reference
wavelength)) and the standard deviations respectively
6.1.1.1 Aerosol extinction coefficient profile parametrization
The aerosol extinction coefficient altitude parametrization considers that the
region where most of the atmospheric aerosol mass is located is the planetary
boundary layer (PBL), that vary, approximately, from 1− 2 to 3− 4 km re-
spectively from winter to summer. When no tropospheric aerosol transport
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Figure 6.1: June, July and August (JJA) mean aerosol extinction coefficient
profiles and percentage standard deviation for cloudless atmosphere in no-cirrus
(NC) and Saharan dust (SD) conditions [Gobbi et al., 2003 ].
occurs (for example desert dust or biomass burning) the aerosol variation is
limited to 3 km altitude (neglecting the stratospheric variation). Otherwise
if aerosol transport occurs, as for example Saharan dust transport [Gobbi et
al., 2000,2003, Di Sarra et al., 2001 ], a significative increasing of aerosol
extinction coefficient is observed until 6 km (during dust event in the lower
troposphere (z < 6 km) aerosol optical thickness gets almost doubled). Thus
the lower and middle troposphere have been parameterized in three layers:
0− 1, 1− 3 and 3− 6 km. The upper troposphere is composed of two layers:
from 6 − 9 km, to take into account very high transport phenomena and
from 9 − 12 km. The profile is completed adding three stratospheric layers
(12− 25, 25− 40 and 40− 60 km). The tropospheric parameterized profiles
are obtained from NC and SD profile (the characteristic value for a given
layer is computed as mean values of the layers computed from the original
profiles) described above, while the lack of experimental profile in strato-
sphere (the NC and SD experimental profile is retrieved in the 0 − 13 km
range) is substituted by the stratospheric aerosol derived from MODTRAN
standard profiles (see Figure (5.6)).
96
For the retrieval procedure only the first 5 layers has been considered (we are
not interested in stratospheric aerosol variation). In Figures (6.2) has been
shown the parametrization described for the aerosol profile. As for the a-
priori profiles, the a-priori standard deviation, for the different parametrized
layer, has been computed as mean from the original standard deviation pro-
files from 0− 12 (see Figure (6.3)). Note that the e550 ranges from about 0.1
to about 0.01 (see Figures (6.2)) nevertheless the state vector used is still the
logarithm of e550 in order not to lose generality.
The “true” profiles used to simulate the SCIAMACHY TOA reflectances for
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Figure 6.2: Aerosol extinction coefficient profile parametrization for maritime
case and desertic case.
the two case considered, are, respectively, the MODTRAN standard profile
with 23 km surface visibility and a desertic dust profile referred to a high
Saharan dust event over the Mediterranean collected by Gobbi et al., [2000 ]
during the spring 1999 Crete field campaign. In Figure (6.4) are shown the
“true” profiles considered considering the 5 layers parametrization described.
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Figure 6.3: Aerosol extinction coefficient profile standard deviation parametriza-
tion for textitmaritime case and desertic case.
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Figure 6.4: True Aerosol extinction coefficient profiles for maritime and desert
cases.
6.1.2 Measurement Vector and Measurement corre-
lation matrix
The measurements vector y is the SCIAMACHY simulated spectrum and
the elements are the SCIAMACHY TOA simulated reflectance at different98
wavelengths.
As shown in Chapter (3) the diagonal elements of the measurement correla-
tion matrix are the variance of the measurement noise. Until now the TOA
intensity uncertainty is not known because SCIAMACHY data presents cali-
bration problem. For this reason a reasonable 1 % TOA intensity uncertainty
(considered as sum among calibration error, photon shot error and electron
noise) has been considered for every wavelength:
 = (yδ) (6.4)
where: δ = 1%.
The measurement noise correlation matrix become:
Si,j = (yδ)
2 (6.5)
for i = j.
By assumption that error in each channel is uncorrelated with errors in other
channels i.e. Si,j = 0 for i 6= j.
6.1.3 Forward model parameters error (Sb) setting
The atmospheric parameters considered here are those quantities which influ-
ence the measurement, are known with some accuracy, but are not intended
as quantity to be retrieved. The aim of the forward model parameters error
calculation is to understand the effect of the atmospheric parameters uncer-
tainty in the retrieval. The atmospheric parameters considered are:
1) aerosol single scattering albedo
2) aerosol phase function
3) Rayleigh scattering coefficient
4) oxygen absorption coefficient
5) surface albedo.
All the systematic and random errors has been computed from the equations
(4.25) and (4.26) respectively. For each parameter the weighting function
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has been computed (see Paragraph (5.1.5)) and the uncertainty must be set.
In the following the forward model parameters uncertainties considered will
be described.
1) 2) 5) For the aerosol single scattering albedo, aerosol phase function
and surface albedo, has been assumed that the errors are uncorrelated and
the same at all levels. If the uncertainty is ∆b at all levels, then the error
covariance Sb is simply (∆b)
2 times the identity matrix. 4 values for ∆b has
been considered:
∆bω,p,a = 1%, 5%, 10%, 30% (6.6)
3) As seen in Paragraph (5.1.1.2) the Rayleigh scattering coefficient is
giving by:
σRayp,λ = σ
scatt∗
λ ρ
air
p 10
5 (6.7)
where:
σscatt∗ is the Rayleigh cross section;
ρair = (PpA)/(RTp) is the air density.
From the propagation error law and considering Gaussian distribution for
the different terms in equation (6.7), the σRayp,λ uncertainty is giving by:

 σR
σRayp,λ


2
=

 1
σRayp,λ
∂σRayp,λ
∂σscatt∗


2
σ2s +

 1
σRayp,λ
∂σRayp,λ
∂P


2
σ2P +

 1
σRayp,λ
∂σRayp,λ
∂T


2
σ2T
(6.8)
where:
σR is the Rayleigh scattering standard deviation;
σs is the Rayleigh cross section standard deviation;
σP is the pressure standard deviation;
σT is the temperature standard deviation.
Substituting the equation (6.7) in (6.8):

 σR
σRayp,λ


2
=
[
σs
σscatt∗
]2
+
[
σp
P
]2
+
[
σt
T
]2
(6.9)
100
Considering negligible the Rayleigh cross section uncertainty the (6.9) be-
comes:
∆bR =

 σR
σRayp,λ


2
'
[
σp
P
]2
+
[
σt
T
]2
(6.10)
The pressure and temperature standard deviation has been taken from a
statistical study made from Pugnaghi and Gangale of the University of Mod-
ena and Reggio Emilia (private communication), that elaborates 14 years
(from 1989 to 2003) of daily radio-sounding of Trapani (north-west of Sicily
(Italy)). The standard deviations considered are the mean values from June,
July and August of the cited data and are shown in Figure (6.5).
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Figure 6.5: Percentage relative standard deviation for P, T and Rayleigh scatter-
ing.
4) As seen in Paragraph (5.1.1.1) the oxygen absorption coefficient (αp,λ
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is giving by:
αp,λ = α
abs
p,λρp (6.11)
where:
αabsp,λ is the specific absorption cross sections;
ρp = 0.1[(ppmpPpA)/(RTp)] is the oxygen molecular density and ppmp the
oxygen part per million (see equation (5.7)).
Considering negligible the specific absorption cross sections uncertainty, the
oxygen absorption coefficient uncertainty becomes:
∆bα =
[
σα
αabsp,λ
]2
'
[
σp
P
]2
+
[
σt
T
]2
(6.12)
as in the case of the Rayleigh scattering coefficient.
6.1.4 Forward model error setting
An additional source of error arises from approximations made in the forward
model due to the use of a low number of streams in the discrete ordinate
radiative transfer model. For the reference atmosphere the forward model
is running with 20 streams to get an accurate simulation of the radiance;
the computation is repeated with 4, 6, 8 and 12 streams. The forward model
errors are then ∆F4 = R20−R4, ∆F6 = R20−R6, ∆F8 = R20−R8 and ∆F12 =
R20 −R12 where RN are the radiance for the N -stream approximation. This
error source will be treated as systematic because its effect will be manifest
as an offset on the retrieved state. This error assessment is very important
for the time computation resource, because the higher number of stream is
the best simulation results, but with computation time higher cost.
6.2 Sensitivity Study
The sensitivity study has been performed by varying the Solar Zenith Angle
and the surface albedo. For the SZA sensitivity a range from 15 to 75 de-
grees (step 15 degrees) has been considered. Two different surfaces has been
102
considered: Sea surface (as example of low albedo) and Vegetation surface
(as example of high albedo).
6.3 Characteristics of simulations
All the simulations made for the aerosol extinction coefficient profile retrieval
and error assessment has been done considering fixed geometry (LOS = 0◦
and SZA = 60◦) and Sea surface. The “true” profiles TOA reflectance simula-
tions has been made considering the maximum number of streams selectable.
The inversion processing has been done considering 8 streams to reduce the
processing times; in Paragraph (7.3.2) will be shown the error due to the
using of a low number of streams.
The pressure and temperature considered are referred to midlatitude summer
standard atmosphere.
The retrieval and error assessment has been analyzed using both the at-
mospheric windows and the oxygen A-band wavelengths. The atmospheric
windows wavelengths selected (13 wavelengths) are those for which the molec-
ular absorption is negligible (see Chapter 2); the oxygen A-band wavelengths
considered (68 wavelengths) are included between 758 and 772 nm, step 0.2
nm.
For the error assessment and sensitivity issues addressed in this study, we
carry out a single inversion step by linearizing the forward model by the
a-priori reference state vector.
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Chapter 7
Test case: SCIAMACHY nadir
measurements.
Aerosol extinction coefficient
profile retrieval
Atmospheric windows
wavelengths and Oxygen
A-band comparison
A complete a-priori analysis has been execute for the aerosol extinction co-
efficient profile retrieval and error assessment for SCIAMACHY nadir con-
figuration, considering atmospheric windows (hereinafter AtmWin test) and
oxygen A-band wavelengths (hereinafter Oxygen test). For each test, the two
aerosol profile configuration (“maritime case” and “desert case), described
in Chapter 5, has been considered.
7.1 A-priori analysis
7.1.1 Maritime test
From equations (4.31) and (4.34) the Degrees of Freedom for Signal (DFS)
and the entropy variation (H) has been computed; results are respectively
1.21 and 7.04 for AtmWin retrieval and 3.18 and 14.9 for the Oxygen retrieval.
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In Figure (7.1) are shown, for both cases, the a-priori profile weighting func-
tions, the averaging kernel matrix and the retrieval errors components when
the forward model and forward model parameter error are neglected (see
Paragraph (4.3)). The averaging kernel matrix (A) has been computed mul-
tiplying the gain matrix (G) for the aerosol extinction coefficient weighting
function (K), (see Paragraph (4.3.2)), and its rows has been plotted. Mea-
surement errors, smoothing errors and total errors are plotted as the square
root of the covariance matrix diagonal elements computed using, respectively,
equations (4.21), (4.23) and (4.24).
For the different scenario the information content changes meaningfully.
Differently from the AtmWin, in the Oxygen more information comes from
the measurements than from the a-priori. Increase in measurements informa-
tion is manifested as increased precision in profile elements. This consider-
ation can be proved looking at the averaging kernel plotted in Figure (7.1).
Considering the atmospheric windows wavelengths (middle left plate), the
averaging kernels presents a poorly defined peak and it is impossible assign
any Full Width Half Maximum (FWHM) values to get an idea of the retrieval
vertical resolution. Averaging kernel is more sharply defined for the Oxygen
case (middle right plate) in the three bottom layers, where it is possible as-
sign a rough FWHM of 1, 2 and 3 km (see the curves labeled with 0.5, 2
and 4.5). The same considerations can be extended looking at the altitude
peak of the averaging kernels labeled. As the middle plates shows, the peaks
of the averaging kernels are more distributed in altitude and located at the
right level for the first three layers and for the fifth layer only for the Oxygen
case.
Looking at the error components of the same Figure (bottom plates), it
can be noted that the bigger error component in both cases is due to the
smoothing error, i.e. the error due to the system capability to resolve the
altitude profile resolution is always bigger than the retrieval error induced
by the measurements errors. But, if for the AtmWin the total error is close
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Figure 7.1: Weighting functions, averaging kernels and retrieval error for atmo-
spheric windows and oxygen A-band maritime case retrieval. The averaging kernel
curves are labeled with the middle layers altitude in kilometers.
to the a-priori error, so the greater part of the information about the re-
trieved profile coming from the a-priori instead of the measurements, for the
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Oxygen the total retrieval standard deviation is significantly lesser than the
a-priori standard deviation; this means that there is an important quantity
of information coming from the measurements.
7.1.2 Desertic test
DFS and H are respectively 1.95 and 8.67 for AtmWin retrieval and 3.20 and
15.4 for the Oxygen retrieval. As in the previous case, in Figure (7.2) has
been shows the weighting functions, the averaging kernels and the measure-
ments, smoothing and total errors components for the desertic test.
Comparing the information content values with maritime test, can be seen
that there is a meaningful increasing of information for AtmWin while the
information content for Oxygen remain almost constant. The expected im-
provement of information content for desertic test respect to the maritime
test in AtmWin is due to a more different aerosol optical properties between
UV and NIR wavelengths for the desertic aerosol class respect to the mar-
itime class.
The Figure (7.3) shows the single scattering albedo for maritime and de-
sertic aerosols all over the spectrum range from UV to NIR and focused in
the oxygen A-band spectral range. Looking to the left picture of Figure (7.3)
it can be noted that if maritime aerosol presents, approximately, the same
behavior over all spectral range, the desertic aerosols is more absorbing in
the range 300 − 500 nm than elsewhere. It is just this peculiar physical
characteristic of the desertic aerosol class that produce the improving of the
information content found. Looking at the right picture of the same Figure it
can be understood why the information content of the oxygen doesn’t change
in a significant way.
This behavior can be noted also looking at the top left picture of Figure
(7.2), where the AtmWin weighting functions has been plotted. The curves
relatives to the first four wavelengths (364, 373, 385 and 414 nm) are very
different from the others, and in particular presents negative values up to
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Figure 7.2: A-priori profile weighting function and averaging kernel for desertic
test retrieval, using atmospheric windows and oxygen wavelengths. The averaging
kernel curves are labeled with the middle layers altitude in kilometers.
the first layer. This behavior is very interesting from the “radiative effects”
point of view, because shows that, in the UV spectral range, an absorbing
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Figure 7.3: Aerosol single scattering albedo for the maritime and desertic classes
in UV-VIS-NIR spectral range and focused into oxygen A-band.
aerosol presents opposite radiative effects, at top of the atmosphere, when
an aerosol variation occurs at different altitude. In particular an absorbing
aerosol increase at the bottom of the atmosphere increases TOA reflectance,
while an aerosol increase at the upper tropospheric layers decreases TOA
reflectance.
Even if the absorbing aerosol class improve the information content of the
problem, looking at AtmWin averaging kernel and retrieval errors (see mid-
dle and bottom left picture of Figure (7.2)) this behavior isn’t sufficient to
resolve the altitude uncertainty. Also in this case the use of the oxygen
A-band spectral wavelengths gives the best results, the averaging kernel is
better characterized and the errors are lower.
7.1.3 Information content of higher spectral resolution
in the Oxygen A-band
As shortly described in Chapter (1) the rationale of retrieving vertical aerosol
profile by using measurements at oxygen absorption wavelengths, is to ex-
ploit the different penetration depth of solar incoming radiation into the
atmosphere, observed by the uniformly mixed gas [O’Brien, 1997; Heidinger
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et al., 1999 ]. This physical phenomenon is the main drive of the oxygen
transmittivity averaging kernel vertical shape relationship that permits the
vertical profile retrieval. In the following will be show that the higher the
spectral resolution of measurements is considered (i.e. greater the oxygen
absorption coefficient is) the better the vertical resolution accuracy becomes.
In Figure (7.4) has been plotted the a-priori profile weighting functions,
the averaging kernel matrix and the retrieval errors components (as in the
cases considered before) for the maritime and desertic tests, considering the
maximum spectral resolution introduced in the forward model (0.05 nm).
Comparing the averaging kernels shape of Figures (7.1) and (7.2) with av-
eraging kernels of Figure (7.4) an improved characterization arises. Each
averaging kernel curve peak is located at right retrieval level and the FWHM
make the retrieval suitable. Similar consideration can be done looking at bot-
tom plates of Figure (7.4); the lower impact (compared with AtmWin and
Oxygen cases) of the smoothing error shows the system ability to reach the
altitude profile resolution request. Since the same Figure shows the smooth-
ing error and the measurements errors have the same order of magnitude, the
retrieval accuracy become strongly dependent on measurements errors. The
difference between the a-priori and total error shows that the measurements
are able to improve meaningfully the knowledge of the system.
7.1.4 A-priori analysis using both atmospheric win-
dows and Oxygen A-band wavelengths
An information content study is also been done considering together the
atmospheric windows and oxygen A-band wavelengths, trying to mix the
information due to the absorbing characteristics of oxygen a-band and the
previous described spectral characteristics of aerosol in a wide UV-VIS-NIR
spectral range. DFS and H results respectively 3.20 and 15.2 for maritime
test and 3.22 and 15.8 for desertic test. There isn’t a significant increase
in accuracy for the aerosol tropospheric variation using both atmospheric
111
0 1 2 3 4 5 6 7 8
x 10−3
0
2
4
6
8
10
12
Oxygen (0.05 nm) − Maritime Test
A
lti
tu
de
 (k
m
)
Aerosol Ext. Coeff. Weighting Function
0 0.002 0.004 0.006 0.008 0.01
0
2
4
6
8
10
12
Oxygen (0.05 nm) − Desertic Test
Aerosol Ext. Coeff. Weighting Function
A
lti
tu
de
 (k
m
)
−0.4 −0.2 0 0.2 0.4 0.6 0.8 1 1.2
0
2
4
6
8
10
12
0.5 
 2
4.5 
7.5 
10.5 
Oxygen (0.05 nm) − Maritime Test
A
lti
tu
de
 (k
m
)
Averaging Kernel
−0.4 −0.2 0 0.2 0.4 0.6 0.8 1 1.2
0
2
4
6
8
10
12
Oxygen (0.05 nm) − Desertic Test
A
lti
tu
de
 (k
m
)
Averaging Kernel
0.5 
2 
4.5 
7.5 
10.5 
0 50 100 150 200 250
0
2
4
6
8
10
12
A−priori std
Meas error
Smooth error
Total error
Oxygen (0.05 nm) − Maritime Test
A
lti
tu
de
 (k
m
)
% Standard Deviation
0 50 100 150 200 250
0
2
4
6
8
10
12
A−priori std
Meas error
Smooth error
Total error
Oxygen (0.05 nm) − Desertic Test
A
lti
tu
de
 (k
m
)
% Standard Deviation
Figure 7.4: Weighting functions, averaging kernels and retrieval error for 0.05nm
spectral resolution in oxygen A-band for maritime and desertic tests. The aver-
aging kernel curves are labeled with the middle layers altitude in kilometers.
windows and oxygen A-band wavelengths.
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7.2 Maritime and Desertic test retrieval for
Oxygen A-band
The previous analysis shows that the best results occurs when the oxygen
A-band spectral range is considered. The retrieval test has been therefore
execute considering the oxygen A-band wavelengths for both maritime and
desertic tests.
The inversion procedure converge rapidly after 3− 4 iterations. The Figure
(7.5) shows the a-priori, true, retrieved aerosol profile for the two cases con-
sidered and the error bars relatives to the total errors plotted in Figures (7.1)
and (7.2), not considering the forward model and forward model parameter
errors. In Table (7.1) are shown the total AOT retrieved. Analyzing the
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Figure 7.5: Aerosol extinction coefficient profile retrieval for maritime and desertic
tests in oxygen A-band.
Test A− priori AOT True AOT Retrieved AOT
Maritime 0.26 0.32 0.31
Desertic 0.21 0.49 0.52
Table 7.1: Aerosol Optical Thickness at 550nm a-priori, true and retrieved for
maritime and desertic tests.
Figure (7.5) it can be seen that the retrieval shows a good agreement with
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Figure 7.6: TOA reflectance retrieved for maritime and desertic test in oxygen
A-band.
the true profile that is comprised into the error bars range. Also the retrieved
and true total AOT shows good agreement.
In Figure (7.6) has been show the TOA reflectance intensity referred to the
a-priori, true and retrieved profile, for the two cases considered. The very
close match between true and retrieved spectrum shows the goodness of the
inversion procedure.
7.3 Sensitivity and error assessment in Oxy-
gen A-band for maritime test
As shows in the last Paragraphs the use of the measurements in the oxygen
A-band gives the best results regard the possibility to retrieve the tropo-
spheric aerosol extinction coefficient profile. The previous a-priori analysis
also shows that the differences between the cases considered (maritime and
desertic) are not meaningful. For these reasons the sensitivity study and the
complete error assessment has be done considering the oxygen A-band and
the maritime test case.
Even if the large fraction of the naturally occurring tropospheric aerosol are
represented by maritime and desertic particles [Charlson and Heintzenberg,
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1995 ], the results obtained are relative to the cases considered. To extrap-
olate general considerations about the aerosol extinction coefficient profile
retrieval errors using SCIAMACHY nadir measurements in the oxygen A-
band, more test should be done, for different aerosol class, optical thickness
and stratification.
7.3.1 Solar Zenith Angle and Surface albedo sensitiv-
ity
The retrieval sensitivity has been computed by varying the Solar Zenith An-
gle and the surface albedo. In Figure (7.7) has been shown the degrees of
freedom and the entropy variation by varying SZA. It can be seen that the
information content increase when the SZA increase (then when the scatter-
ing angle decrease), i.e. when the solar zenith angle increase also the the
measurements contribution to the profile accuracy is improved.
The albedo sensitivity has been analyzed comparing the information con-
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Figure 7.7: Degrees of freedom and Entropy variation varying the solar zenith
angle, for maritime test in oxygen A-band. The averaging kernel curves are labeled
with the middle layers altitude in kilometers.
tent and averaging kernel considering Sea surface (i.e. considering a quasi-
black surface) and Vegetation surface (i.e. considering a relative high surface
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albedo). In Table (7.2) are summarize the DFS and H resulting by the sim-
ulations, while in Figure (7.8) has been plotted the averaging kernels. As
Table (7.2) shows, the information content decrease meaningfully when the
albedo surface increases and (Figure (7.8)), the averaging kernel results worse
characterized for relative high surface albedo. The reason is that when the
surface reflection is significative, the system is not able to distinguish the
information comes from the ground from which coming from the aerosol in
the lower atmospheric layers.
Surface DFS H
Sea 3.18 14.9
V egetation 2.24 7.61
Table 7.2: Information content considering Sea and Vegetation surface.
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Figure 7.8: Averaging kernels considering Sea and Vegetation surface.
7.3.2 Forward Model errors and Forward Model pa-
rameters errors
Figure (7.9) shows the relative change ∆xi/xi in aerosol extinction coefficient
profile elements obtained by multiplying the differences by the accurate sim-
ulation of the radiance (20 stream) and the simulations made considering
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a low number of stream (∆F ) (see Paragraph (6.1.4)) by the contribution
function according to (4.27). The Figure (7.9) shows only the lower stream
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Figure 7.9: Forward model errors on aerosol extinction coefficient profile accuracy
(the left picture is the same as right and has been plotted to evidentiate the errors
induced by 6, 8 and 12 stream approximations).
approximation (4 stream) generate unacceptable levels of errors, i.e. the 4
stream approximation is not able to represent, with the request accuracy, the
behavior of the multiple scattering atmosphere. The forward model errors
induced by a number of stream greater that 6 is negligible.
The forward model parameters errors, computed for aerosol single scattering
albedo, aerosol phase function, Rayleigh scattering, oxygen absorption coef-
ficient and surface albedo and plotted in Figure (7.10), are the square root
of the covariances matrix diagonal elements computed using equation (4.26).
As Figure (7.10) shows the biggest errors are associated to the uncertainty
of the aerosol phase function and aerosol single scattering albedo. Negligible
errors are associated to Rayleigh scattering, oxygen absorption coefficient and
surface albedo. In particular the Figure shows that for aerosol phase function
and aerosol single scattering albedo, uncertainties grater than 10% produce
errors in the retrieved profile (at some altitudes) bigger than that induce
by the sum of the measurement and smoothing error see before (cfr Figure
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Figure 7.10: Forward model parameters error on aerosol extinction coefficient
profile accuracy
(7.1)). The aerosol phase function errors, means that the use of the Henyey-
Greenstein phase function is greatly advice against, because the difference
with the Mie phase function results too high in nearly all the nadir-viewing
scattering angle range (see Figure (7.11)). Aerosol optical properties uncer-
tainty greater than 10% makes the retrieval very critic. Thus, a good a-priori
optical properties knowledge of the aerosol to be retrieved is needed.
This problem could be resolved introducing a pre-processing phase where the
atmospheric window wavelengths will be used to retrieve the aerosol class
taking advantage of the different spectral behavior of the different aerosol
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Figure 7.11: Mie and Henyey-Greenstein phase functions plotted in satellite nadir
viewing scattering angles range.
class (as seen before). An alghoritm able not only to distinguish the aerosol
class but also to give the aerosol optical thickness has been already devel-
oped for GOME data [Guzzi et al., 1998, 1999]. Being SCIAMACHY an
evolution of GOME with an extended spectral range, the same alghoritm
could be used. Thus the a-priori profile AOT could be optimized: it could
be scaled in order to match the independently measured AOT or, better
saying, the tropospheric aerosol optical depth obtained by differencing the
AOT and the aerosol stratospheric optical depth (from limb SCIAMACHY
measurements).
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Chapter 8
Conclusion
8.1 Problem and Procedure
Aerosols represent one of the greatest areas of uncertainty regarding climate
change, both on global and regional scales. The atmospheric aerosol profile
retrieval represents one of the main task for the comprehension of its radia-
tive effects. In this work a multiple scattering inversion procedure for the
study of the effectiveness of the aerosol extinction coefficient profile retrieval
and error assessment, considering passive remote sensing instruments, has
been developed. The procedure has been applied to the SCIAMACHY nadir
simulated measurements considering tropospheric aerosol variation.
The inversion procedure is composed by a forward model (AerLIDORT)
and an inversion method.
In AerLIDORT (see Chapter (5)), based on LIDORT code for the solution of
the radiative transfer equation, the possibility to set a user defined numbers
of layers and thickness has been implemented. For each layer, temperature,
pressure, molecular and aerosol optical properties has been introduced; the
spectral albedo is considered lambertian and different surfaces has been intro-
duced. The aerosol has been described in a precise fashion using the optical
properties derived from Levoni [1997] database considering different aerosol
class (see Paragraph (5.1.2)). In the model also the aerosol stratification,
giving the possibility to select different class of aerosol at different altitudes,
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has been implemented. AerLIDORT is able not only to compute the TOA
reflectance but also to give the weighting functions for many atmospheric
parameters essential for the aerosol extinction coefficient profile retrieval,
sensitivity study and error assessment; so, besides to the aerosol extinction
coefficient weighting functions, also the aerosol Mie phase function, aerosol
single scattering albedo, oxygen absorption coefficient and Rayleigh scattering
coefficient has been computed.
The forward model TOA intensity and weighting functions has been vali-
dated in both atmospheric windows and oxygen A-band wavelengths, using,
respectively, the SCIATRAN RTM (see Paragraph (5.2.2.1)) and the finite-
difference weighting functions computation (see Paragraph (5.2.2.2)). The
validation gives good results either for the TOA intensity comparison than
weighting functions. The differences with SCIATRAN TOA intensity are less
than 0.1% for all the atmospheric windows wavelengths considered and less
than 1% for the 95% of wavelengths considered into the oxygen A-band. The
percentage difference between the analytical weighting functions computed
by AerLIDORT and the finite-difference computation are always less than
0.001% for all the altitude considered.
For the iterative inversion scheme, the Gauss-Newton method (see Paragraph
(4.5.1)) has been implemented (see Paragraph (5.3)). The iterative inversion
procedure is provided by a convergence criterion able to stop the iterations
when a particular condition has been satisfied.
8.2 Results
The procedure has been applied to SCIAMACHY nadir simulated measure-
ments considering tropospheric aerosol extinction coefficient profile varia-
tions. SCIAMACHY has been considered because its wide spectral range
gives the possibility to use both the atmospheric windows and oxygen A-
band wavelengths and because it has the peculiarity to match limb and nadir
measurements. Unfortunately because many problems occur with the SCIA-
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MACHY real data calibration, the analysis has been done considering only
simulated measurements.
Two cases has been taken as example: a lower and entire tropospheric vari-
ation for, respectively, maritime and desertic aerosol. For the two cases the
a-priori analysis has been conducted, considering both the atmospheric win-
dows and oxygen A-band wavelengths.
The results shows that in both cases the use of the atmospheric windows
wavelengths is not sufficient to resolve the altitude aerosol profile uncer-
tainty. Even if there is an expected improvement of the information content,
from the maritime to desertic case, due to the absorption characteristics of
the desertic aerosol in the 0.3− 0.5 nm spectral range, this is not sufficient.
The averaging kernel is bad characterized (the peaks are poorly defined and
no FWHM can be assigned to get an idea of the vertical resolution). The
total retrieval error (retrieval error considered when the forward model and
forward model parameter error are neglected (see Paragraph (4.3))) is dom-
inated by the smoothing error and it’s very close to the a-priori error, so
greater part of the information about the retrieved profile coming from the
a-priori instead of the measurements.
The oxygen A-band case is different: the averaging kernel curves are more
sharply defined, peaks are more distribuited in altitude and it is possible to
assign a rough FWHM of 1, 2 and 3 km at the lowest three layer. Also
in this case the total retrieval error is dominated by the smoothing error
but it’s significantly lesser than the a-priori standard deviation so there is
an important quantity of information coming from the measurements. Even
if the improvement respect to the a-priori error is meaningful, looking at
the values of the total percentage errors for the different altitudes, it can be
noted that they results quite large. This result shows the need to have an
a-priori profile with lesser uncertainty.
The retrieval has been execute for the oxygen A-band for both maritime and
desertic case: the retrieved profiles shows a good agreement with the true
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profiles and the analysis of the retrieved TOA reflectance reveal the goodness
of the inversion procedure.
The same analysis has been applyed by considering higher, than that of
SCIAMACHY instrument, spectral resolution in the oxygen A-band to un-
derstand its importance in the aerosol extinction coefficient profile retrieval.
The 0.05 nm resolution of the ESFT oxygen database introduced in the for-
ward model (see Paragraph (5.1.1.1)) has been considered. The results show
a big improvement of the averaging kernel characterization and total errors,
so, higher the spectral resolution of measurements is, better the vertical res-
olution accuracy becomes. The system is now able to resolve in altitude all
the layer request.
Another test has been conducted also considering together the atmospheric
windows and oxygen A-band wavelengths: the results shows a negligible im-
provement respect to the only use of oxygen A-band wavelengths.
The sensitivity study reveals the improvement of information content in-
creasing the solar zenith angle (i.e. decresing the scattering angle) and the
worsening of the information content increasing the surface albedo. When
the surface reflection is significative, the system is not able to distinguish the
information comes from the ground from which coming from the aerosol in
the lower atmospheric layers.
Finally the complete error assessment has been done. The forward model er-
ror analysis indicates that the errors induced by a number of stream greater
than 6 is negligible. The forward model parameters error analysis shows that
the main retrieval error comes from the aerosol phase function and aerosol
single scattering albedo uncertainty. The last results indicate that a good
a-priori optical properties knowledge of the aerosol to be retrieved is needed.
The problem of the improvement of the a-priori profile uncertainty and the
knowledge of the aerosol class could be resolved introducing a pre-processing
phase based an alghoritm developed for GOME data [Guzzi et al., 1998,
2001; Torricella et al., 1999 ] able to istinguish the aerosol class and also to
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give the aerosol optical thickness. Thus the a-priori profile AOT could be
optimized: it could be scaled in order to match the independently measured
AOT or, better saying, the tropospheric aerosol optical depth obtained by
differencing the AOT and the aerosol stratospheric optical depth (from limb
SCIAMACHY measurements).
This work’s improvements and limitations of the aerosol profile retrieval,
considering tropospheric aerosol variation for SCIAMACHY nadir simulated
measurements, may be summarized as follows:
• the atmospheric windows wavelengths are not able to resolve the aerosol
altitude profile uncertainty;
• the use of the oxygen A-band wavelengths (spectral resolution about 0.2
nm) gives encouraging results for both cases analyzed (maritime and
desertic). Even if meaningfully quantity of information comes from the
measurements a better a-priori profile uncertainty is needed;
• the profile retrieval accuracy is strongly dependent on oxygen A-band
spectral resolution. The accuracy improve when the spectral resolution
increase;
• the contemporary use of both atmospheric windows and oxygen A-band
wavelengths don’t give appreciable improvements respect to the only
oxygen A-band wavelengths use;
• the sensitivity study conducted into the oxygen A-band reveals the
improvement of accuracy increasing SZA, and a worsening accuracy
increasing surface albedo;
• the forward model errors analysis indicates that the multi-scattering
atmosphere could be described with an acceptable degree of accuracy
considering 6 or more streams;
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• the forward model parameters errors analysis shows that the greater
error comes from the uncertainty on aerosol optical properties as single
scattering albedo and Mie phase function. To reduce such retrieval er-
rors there is the clear need to know the aerosol class before the retrieval
will execute.
8.3 Outlook and future work
To generalize the previous considerations for SCIAMACHY nadir measure-
ments, more tests should be done; different aerosol class, stratification and
optical thickness must be considered.
When the SCIAMACHY real data will be available, the procedure described
will be applyed and tested.
The procedure developed will be also used to define the instrument config-
uration (view angles, oxygen A-band resolution, mesurement error) able to
retrieve with the better accuracy as possible the aerosol extinction coefficient
profile in the atmosphere.
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